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During the past few years, new methods have evolved 
that allow much more accurate measurements in vivo of 
the rate constants for the physiological processes that de- 
termine sterol balance in the whole animal and that dic- 
tate the level of circulating cholesterol carried in low den- 
sity lipoproteins (LDL-C). The purpose of this review, 
therefore, is I )  to summarize the quantitative physiology 
of the control of cholesterol balance and LDL-C concen- 
trations in all species in which such data are now availa- 
ble; 2) to point out where commonly held concepts have 
been proved incorrect by these new measurements; and 3) 
to emphasize those specific areas where further ex- 
perimental data are required to better understand these 
regulatory processes. 

I. INTRODUCTION AND OVERVIEW 

As emphasized in Fig. 1, the liver plays the central role 
in two separate, but related, processes that are responsible 
for maintaining cholesterol balance across individual or- 
gans and the whole animal, and for regulating the steady- 
state concentration of LDL-C in the circulating plasma. 
Recent data have established that virtually every tissue 
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lipoproteins; HDL-C, cholesterol carried in high density lipoproteins; 
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cholesterol carried in chylomicrons; Jm, maximal rate of receptor- 
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of LDL-C transport or, in the whole animal, the rate of LDL-C produc- 
tion; SD, Sprague-Dawley; NZW, New Zealand White; GS, Golden 
Syrian; WHHL, Watanabe heritable hyperlipidemic; FH, familial 
hypercholesterolemia; ACAT, acyl-CoAxholesterol acyltransferase. 

'To whom correspondence should be addressed. 

Journal of Lipid Research Volume 34, 1993 1637 

This is an Open Access article under the CC BY license.

http://creativecommons.org/licenses/by/4.0/


LDL-C 
Production \ ,VI ni-rr- - - VLDL-C . _ _  

Rate, Jt r ( ~  Proauction 

6. EXTRAHEPATIC L D c c r  C. byb-u) LIVER SMALL 
TISSUES / \ I NTESTl NE 

Cholesterol Bile Acid Triacylglycerol - \ v 
FECES DIET 

Fig. 1. A model showing the relationship between the absorption and synthesis of cholesterol in an animal and 
the regulation of the plasma LDL-C concentration. The liver plays a central role in both of these processes as it 
is the organ principally responsible for the maintenance of cholesterol balance in the body as well as for the prcduc- 
tion and degradation of LDL-C. The small percentage of sterol that is excreted through the extrahepatic tissues 
in all species is not shown in this diagram. In this model the body is divided into three functionally distinct tissue 
groups, the small intestine (A), the other extrahepatic tissues (B), and the liver (C), all of which are capable of syn- 
thesizing cholesterol from acetyl-coA. Dietary cholesterol and the fatty acids consumed in dietary tnacylglycerols 
reach the liver through the intestine. In the adult animal, in the steady-state, the liver must excrete each day an 
amount of sterol (as cholesterol and bile acid) that equals the amount of cholesterol synthesized in the various organs 
and absorbed from the diet. The dietary cholesterol and fatty acids reaching the liver significantly alter the concen- 
tration of sterol in the cholesteryl ester pool (CE), as well as the rate of LDL-C formation ut) and the level of LDL 
receptor activity in the liver u"). These changes. in turn, lead to secondary alterations in the level of circulating 
LDL-C. The dark arrows are meant to have semiquantitative significance, as discussed in the text. 

synthesizes sterol from acetyl-coA and, in addition, 
cholesterol may be absorbed into the body from dietary 
sources (1-3). In the fetus or immature animal there must 
be a net accumulation of approximately 1.5-2.0 g of 
cholesterol for each kg of tissue that is added to the body 
during growth. In the adult animal that is not growing, 
however, an amount of cholesterol equal to that which is 
newly synthesized and absorbed across the small intestine 
must be excreted each day because the content of sterol 
in the body remains virtually unchanged over the life of 
the animal. While small amounts of cholesterol are lost 
through sloughing of skin and intestinal epithelial cells 
and by conversion to various steroid hormones, the major 
excretory pathway involves the secretion of sterols into 
bile by the hepatic parenchymal cells (4). This process in- 
cludes both the direct secretion of cholesterol itself as well 
as the transcanalicular movement of bile acid, the meta- 
bolic end-product of cholesterol degradation by the liver (5). 

Thus, as illustrated in Fig. 1, an amount of cholesterol 
equal to that newly synthesized each day in the extra- 
hepatic tissues (B) must be transported through the 
plasma, presumably carried in high density lipoproteins 

(HDL-C) (6, 7), to the liver. Similarly, the sterol that is 
either synthesized or absorbed in the small intestine (A) 
must also reach the liver, although in this case the 
chylomicron particle (CM-C) is the primary carrier in the 
plasma (8). In the steady-state, where the weight of the 
animal is constant and no changes are occurring in the 
cholesterol concentration in any tissue compartment, the 
absolute rate of cholesterol synthesis and absorption must 
equal the absolute rate of cholesterol and bile acid excre- 
tion in the feces (plus the small amounts of sterol lost from 
the skin or converted to various hormones). Thus, the 
daily turnover of cholesterol in any species, expressed as 
the mg of cholesterol entering and leaving the body pool 
per day per kg body weight, can be quantified by either 
measuring the absolute rate at which sterol is being syn- 
thesized and absorbed in the intact animal or by measur- 
ing the absolute rate at which cholesterol and bile acid are 
being excreted in the feces. 

The liver also plays the central role in the metabolism 
of cholesterol carried in very low density lipoproteins 
(VLDL-C) and LDL (8). Although the principal function 
of the VLDL particle appears to be the transport of tria- 
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cylglycerol from the liver to the peripheral organs for oxi- 
dation or storage, this particle also contains both free and 
esterified cholesterol; thus, sterol is secreted from the liver 
in this particle at a velocity defined as the VLDL-C 
production rate (Fig. 1). During the metabolism of the 
VLDL particle with removal of a large portion of its tria- 
cylglycerol core, a remnant is formed and a portion of the 
VLDL is also converted to LDL at a velocity defined as 
the LDL-C production rate ut) (9). Both the LDL-C 
and the VLDL remnants appear to be largely cleared 
from the plasma by LDL receptors located in the liver 
(10). The level of hepatic LDL receptor activity u") is 
markedly influenced by net cholesterol balance across the 
liver and by the types of fatty acids reaching the hepato- 
cyte from the diet. When hepatic LDL receptor activity 
is suppressed, less of the VLDL remnants are cleared by 
the liver and there is a corresponding increase in the 
LDL-C production rate and an elevation of the circulat- 
ing LDL-C concentration. Conversely, when LDL recep- 
tor activity is increased, the LDL-C production rate is 
decreased and the LDL-C concentration in the plasma is 
lowered. 

Thus, both net cholesterol balance and the level of cir- 
culating LDL-C depend critically upon events taking 
place in the liver. In order to begin to understand the rela- 
tionships between these two regulated systems, it is essen- 
tial to have quantitative data on the importance of the 
different organs to whole-animal cholesterol turnover and 
the degradation of LDL-C, and on the physiologic and 
genetic factors that alter the regulation of these two 
processes. It is also useful to compare the regulation of 
cholesterol and lipoprotein metabolism in different spe- 
cies in order to establish whether there are general princi- 
ples that describe these processes in essentially all 
animals, or, alternatively, whether there are aspects of 
cholesterol and lipoprotein metabolism that are unique to 
humans. 

11. CHOLESTEROL SYNTHESIS IN THE ABSENCE 
O F  DIETARY LIPIDS 

A. Cholesterol synthesis in the whole animal and 
humans 

The first problem of importance concerns the role of 
the liver in maintaining sterol homeostasis in the whole 
animal. In the past, measuring rates of sterol synthesis in 
vivo in an animal or in humans involved the difficult 
process of quantifying the rates of cholesterol and bile 
acid output in the feces each day (11). More recently it has 
been demonstrated that these rates can be measured 
directly' by administering animals water labeled with 
either tritium or deuterium. As approximately 22-25 pg- 
atoms of the hydrogen from water are incorporated into 
each pmol of sterol, it is possible to calculate the absolute 

rate of sterol synthesis occurring in vivo from the rates of 
tritium or deuterium incorporation into cholesterol (12, 
13). Utilizing both of these techniques, rates of cholesterol 
synthesis have now been measured in a number of differ- 
ent species and these are summarized in Fig. 2. In nearly 
all of these studies, the animals were on diets very low in 
cholesterol and triacylglycerol so that these rates of syn- 
thesis essentially equal the rate at which sterol is being 
turned over each day in vivo in these animals. 

As is apparent, the rate of cholesterol synthesis per kg 
of body weight varies markedly with the size of the 
animal: humans synthesize about 10 mg/day per kg while 
the mouse makes approximately 50 mg/day per kg. Many 
other species, including four nonhuman primates, have 
intermediate rates of sterol synthesis between these two 
extreme values. The shaded area in this figure delineates 
a group of animals where the rate of sterol synthesis 
decreases by approximately 10 mg/day per kg for each 
10-fold increase in body weight. Thus, just as the basal 
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Fig. 2. Representative rates of cholesterol synthesis in the whole 
animal in vivo as a function of body weight. These rates of sterol synthe- 
sis are expressed as the mg of cholesterol synthesized per day per kg of 
body weight and are plotted against a logarithmic scale of the might of 
each species. These data were obtained in vivo by either external sterof 
balance techniques or by quantitating the rates of incorporation of 
['Hlwater into sterols in the animals and then converting thore isotope 
incorporation data into absolute rates of sterol synthesis (12, 13). In all 
cases except humans, the animals were on diets low in both cholesterol 
and triacylglycerol when the measurements wen made. SD (Sprague 
Dawley), NZW (New Zcaland White), WHHL (Watanabe heritable 
hyperlipidemic), and GS (Golden Syrian) designate specific strains of 
rats, rabbits, and hamsters. Thole data come from different laboratoria 
(2, 11, 14-22) as well as from unpublished measurements made in this 
laboratory. The shaded area is drawn in merely to emphasize a p u p  
of "main-stream" animals whose rates of synthesis dec- by approxi- 
mately 10 mg/day per kg for each IO-fold increase in body weight. Most 
of the data points represent the means of measurements in 6-18 animals. 
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metabolic rate and the turnover of proteins in various spe- three species including the SD rat, NZW rabbit, and hu- 
cies varies inversely with the logarithm of body weight, so 
also the synthesis and turnover of cholesterol through the 
cellular membranous structures is markedly influenced by 
the size of the animal. Also of note in Fig. 2 is that the 
NZW rabbit, the male SD rat and, particularly, the fe- 
male SD rat fall well outside this “main-stream’’ group of 
animals. In particular, the rate of whole animal sterol syn- 
thesis seen in the female SD rat is 3-4 times that expected 
for an animal weighing 0.2 kg. This unusually high rate 
is partially explained by the fact that these values are cal- 
culated from data determined at the mid-dark phase of 
the light cycle when hepatic synthesis in this rodent is ex- 
ceptionally high. Nevertheless, the rates of whole animal 
synthesis in the rat are well above the “main-stream” 
group which explains, in part, the anomalous response of 
this species to a variety of dietary and pharmacological 
challenges. 

While Fig. 2 shows the rates of synthesis in sexually 
mature members of different species, Fig. 3 illustrates 
how these rates vary in the same species when measured 
in the fetus or newborn, pregnant, obese, and aged 
animal. Such comparative data are partially available in 

I I I I 1 1 I 

1 I I I I I I I 

0.03 0.1 0.3 1 3 10 30 100 

WHOLE ANIMAL BODY WEIGHT (kg) 
Fig. 3. Cholesterol synthesis in vivo in the fetus and in the newborn, 
pregnant, and obese animal. The rates of whole animal cholesterol syn- 
thesis found in the sexually mature, adult SD rat, NZW rabbit, and hu- 
man are taken from Fig. 2 and are circled in this diagram. Insofar as 
data are available, rates of sterol synthesis in the whole fetus and in the 
newborn, pregnant, and obese members of these same species are also 
shown. These values are connected to the appropriate adult member of 
that species by the dashed lines. In addition, the solid lines connect data 
on rates of synthesis in male SD rats and in male and female GS ham- 
sters of different ages and, therefore, different weights. These data come 
from both published reports (20-26) and unpublished observations in 
this laboratory. Most of the data points represent mean values of 6-12 
animals in each group. 

mans. In the developing fetus, where most of the 
cholesterol needed for new tissue growth comes from de 
novo synthesis (26), the rate of whole animal synthesis is 
3-  to 4-fold higher than in the sexually mature member 
of that species (SD rat and NZW rabbit). Similarly, the 
newborn has a rate of synthesis per kg of body weight that 
is about twice that of the adult (NZW rabbit and human). 
As is also apparent, the pregnant animal (rat) and obese 
human have slightly higher rates of whole body synthesis 
than their respective lean, non-pregnant controls. Of par- 
ticular importance, Fig. 3 also illustrates the changes in 
synthesis that occur as the animals age. In the male SD 
rat and both the male and female GS hamster, for exam- 
ple, the rate of sterol synthesis per kg of body weight 
decreases by approximately 60% as the animals age from 
young, sexually mature males and females to older and 
heavier animals. 

Thus, these data illustrate the remarkable adaptability 
of the sterol biosynthetic pathway to meet the changing 
needs of the organism for cholesterol to support tissue 
growth and for membrane remodeling. Throughout the 
life of the rat, for example, there is a nearly 10-fold change 
in the rate of whole animal synthesis, from approximately 
470 mg/day per kg in the rapidly developing fetus to only 
50 mg/day per kg in the aged adult. Clearly, the full range 
of sterol requirements in the body can be met by the bi- 
osynthetic pathway from conception to death, even in the 
total absence of dietary cholesterol. 

B. Tissue sites for cholesterol synthesis in the whole 
animal 

It is still commonly believed that the liver is the major 
site for this biosynthetic activity in the whole animal. This 
concept arose from early studies where assays of rates of 
sterol synthesis were performed in vitro using various 
14C-labeled precursors such as [ 14C]acetate. Such studies 
commonly revealed that the majority of the biosynthetic 
activity that could be demonstrated in all of the tissues of 
the body by these in vitro assays was accounted for by the 
activity observed in the liver (1, 27). However, it became 
clear that many of these “C-labeled substrates were 
poorly taken up and metabolized to [‘4C]acetyl-CoA in 
the extrahepatic tissues. Furthermore, the specific activity 
of the [14C]acetyl CoA pool that is the immediate precur- 
sor for sterol biosynthesis was disproportionately (relative 
to the liver) diluted in many of these tissues by the in- 
tracellular generation of large amounts of unlabeled 
acetyl-coA (28). As a result of all of these technical 
problems, it was demonstrated that the rates of synthesis 
in the extrahepatic organs had been systematically un- 
derestimated, in some tissues, by as much as 90-95% (29). 

With the advent of techniques that circumvented these 
artifacts (13, 30), it became possible to measure absolute 
rates of synthesis not only in the whole animal in vivo 
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(Fig. 2), but the contribution of each organ to such whole 
animal synthesis could also be quantified (12). Fig. 4 sum- 
marizes such data in seven species where rates of sterol 
synthesis have been measured in vivo under circum- 
stances where the animals had been fed diets low in 
cholesterol and triacylglycerol. This diagram shows the 
contributions of the small intestine (A) and liver (C) to 
whole animal synthesis while the contributions of the re- 
maining extrahepatic organs have been combined into a 
single value (B). Under these circumstances where dietary 
cholesterol intake was essentially zero, the liver contrib- 
utes, at most, 40-50% of the cholesterol synthetic activity 
found in the female SD rat, mouse, and squirrel monkey. 
However, this contribution is significantly less in the other 
species and amounts to < 20% in the NZW rabbit, 
guinea pig, cynomolgus monkey, and male GS hamster. 
Estimates of the importance of the liver in humans also 
suggest that this organ is a relatively minor contributor to 
whole body synthesis.* 

Data such as those shown in Fig. 4, however, are very 
much influenced by the conditions under which the meas- 
urements were made, as marked changes in rates of 
cholesterol synthesis are induced by any condition that 
alters net sterol balance across a particular organ or 
across the whole animal. Furthermore, as it is the 
cholesterol pools in the intestinal epithelial cell and liver 
that are most influenced by such manipulations, it is the 
rates of sterol synthesis in these two particular organs that 
respond to changes in sterol balance. Thus, for example, 
if net sterol input into the body is increased, e.g., by ad- 
ding small amounts of cholesterol to the diet, then there 
is marked suppression of the rate of hepatic cholesterol 
synthesis, partial suppression of intestinal synthesis, and 
virtually no change in synthesis in the extrahepatic organs 
(1, 30, 31). Conversely, if net sterol loss from the body is 
increased, e.g., by blocking the intestinal absorption of 
bile acids or cholesterol or by feeding soluble fibers, the 
rate of cholesterol synthesis in the liver and, to some ex- 
tent, in the intestine increases to compensate for this loss 
while the rate of synthesis in extrahepatic organs again re- 
mains essentially unchanged (30-33). 

Thus, as indicated in Fig. 1, in the steady state the ab- 
solute rate of cholesterol synthesis in the liver (C) must al- 
ways equal the absolute rate of sterol excretion in the feces 
minus the absolute rate of cholesterol delivered to the liver 
from the intestine (A) and extrahepatic tissues (B). 
Hence, hepatic synthesis is necessarily suppressed when 

*As no data are available in humans on rates of cholesterol synthesis 
in vivo in the liver, this value was calculated indirectly using in vitro as- 
says. In tissue obtained using a needle biopsy, the rates of incorporation 
of ['+C]acetate into cholesterol are about 10-207'0 of the rates found 
when similar needle biopsy specimens are obtained from rat or squirrel 
monkey liver. After correcting for relative turnover and liver size, these 
data suggest that the liver of humans contributes about 5510% of whole 
body synthesis. 
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Fig. 4. Relative importance of the small intestine (A), extrahepatic tis- 
sues (B), and liver (C) in cholesterol synthesis in vivo in different species. 
Except for humans, absolute rates of cholesterol synthesis in all organs 
were measured in vivo using [3H]water in animals on diets low in 
cholesterol and triacylglycerol (2, 12, 21, 22 and unpublished observa- 
tions from this laboratory). The percentage of sterol synthesis quantified 
in the whole animal that was attributable to the small intestine, remain- 
ing extrahepatic tissues, and liver was then calculated and is shown in 
this diagram. The data for humans were calculated indirectly from rates 
of synthesis measured in liver biopsies.2 Each value represents the mean 
of data from 6-18 animals. (Figure modified, with permission, from the 
Annual  Review of Nutrition, Vol. 13, 1993 by Annual Reviews Inc.) 

net sterol delivery from the intestine to the liver is in- 
creased and is markedly elevated when net sterol loss in 
the feces is enhanced. The data in Fig. 4 reflect the partic- 
ular situation where all of the animals were fed commer- 
cial diets containing constant amounts of dietary fiber 
and various nutrients, but essentially no cholesterol. If an 
additional amount of soluble fiber or a bile acid seques- 
trant were added to the diets of each of these animals to 
increase fecal sterol loss, then synthesis in the liver, but 
not in the extrahepatic tissues, would increase and the 
relative contribution of hepatic cholesterol synthesis to 
whole animal synthesis would be higher (31). In contrast, 
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if cholesterol were added to the diets of each of these spe- 
cies in the small amounts usually present in Western hu- 
man diets, i.e., an amount equal to 30-60% of the daily 
sterol turn-over rate, then synthesis in the liver, but not 
in the extrahepatic organs, would be partially suppressed. 
In this situation the relative hepatic contribution to whole 
animal cholesterol synthesis would be very small, even in 
the rat, mouse, and squirrel monkey. Thus, under dietary 
conditions equivalent to those found in Western humans, 
the extrahepatic tissues probably account for > 80% of 
whole animal sterol synthesis in virtually every species 
that has been studied. 

111. LDL-C TRANSPORT IN THE ABSENCE OF 
DIETARY LIPIDS 

A. LDL-C transport out of the plasma in the whole 
animal and humans 

The second problem of importance concerns the role of 
the liver in determining the steady-state concentration of 
LDL-C in the plasma. As illustrated in Fig. 1, LDL-C is 
formed primarily from the metabolism of VLDL-C. In 
the past it has been suggested that some LDL-C may also 
be secreted directly by the liver, although a recent analysis 
of this possibility suggests that this latter pathway is rela- 
tively unimportant or may not exist at all (34). In the 
steady state, the rate at which LDL-C is removed from 

the plasma and degraded by all of the tissues of the body 
must equal the LDL-C production rate ut). Thus, one 
way in which to express the rate of LDL-C uptake is as 
an absolute rate of transport having the units of mg of 
LDL-C taken up by the various organs each day per kg 
of body weight. The amount of LDL-C removed from the 
plasma can also be expressed as a classical clearance 
value. The absolute rate of LDL-C removed from the 
plasma each hour divided by the plasma LDL-C concen- 
tration yields the LDL-C clearance rate, which describes 
the ml of plasma entirely cleared of its LDL-C content 
per hr per kg of body weight. Finally, either the absolute 
rate of LDL-C transport out of plasma or the clearance 
rate can be expressed as a fraction of the LDL-C pool or 
the plasma volume, respectively, present in 1 kg of body 
weight. This calculation yields a term called the fractional 
catabolic rate which describes the fraction of the LDL-C 
pool removed from the plasma each hour or day. Thus, 
the rate at which LDL-C is removed from the plasma can 
be expressed in three different ways, i.e., the absolute rate 
of LDL-C transport (mg/day per kg), the LDL-C clear- 
ance rate (ml/h per kg), and the LDL-C fractional cata- 
bolic rate (pools/day). The first two values must be nor- 
malized to a constant body weight, e.g., 1 kg, while the 
third is independent of body weight. Different methods 
are available for directly quantifying the absolute rate of 
LDL-C transport in the whole animal (35), the whole 
animal LDL-C clearance rate (36), and the fractional 

Fig. 5. Representative rates of LDL-C degradation in the whole animal in vivo as a hnction of body weight. The 
rata  of LDL-C degradation were measured either indirectly from dieaway curves (37) or directly using the steady- 
state, constant infusion of homologous LDL (35, 36) in animals fed diets low in cholesterol and triacylglycerol. These 
rata  are plotted against a logarithmic scale of the weight of each species and are presented in two ways in this dia- 
gram: l) as the fractional catabolic rate (left W K i d  axis) expressed as the pools of LDL-C removed from the plasma 
space each day (pools/day), and 2) as the clearance rate (right vertical axis) expressed as the ml of plasma completely 
cleared of its LDL-C content per h by each kg of body weight (mllh per kg). These two rate constants are essentially 
interchangeable. These data come from several different laboratories (35-47) as well as from unpublished observa- 
tions in this laboratory. The shaded area is drawn in merely to emphasize a p u p  of 'main-stream" animals whose 
fractional catabolic rates (clearance rates) decrease by approximately 1.1 pwls/day (1.8 ml/h per kg) for each IO-fold 
increase in body weight. All data points represent the means of measurements in 6-16 animals. 
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catabolic rate (37). However, it should be emphasized that 
once one of these values has been quantified, the other two 
can be calculated. 

The rate of LDL-C removal from the plasma space has 
now been measured in at least 11 species and these are 
summarized in Fig. 5. These rates are expressed as both 
the whole animal fractional catabolic rate and clearance 
rate, and are plotted against the logarithm of the weight 
of each species. Most animals, except humans, were on 
diets low in cholesterol and triacylglycerol. As is apparent, 
the effect of body size on LDL-C turnover is even greater 
than on whole animal cholesterol synthesis (Fig. 2). Small 
animals such as the mouse, GS hamster, and SD rat, for 
example, degrade about 4 pools of LDL-C per day while 
humans remove from the plasma only about 0.4 
pools/day. Stated differently, one kg of a human subject 
will clear only about 0.6-0.7 ml of plasma per h of its 
LDL-C content while one kg of these small animals will 
clear 6-7 ml/h. The shaded area in Fig. 5 delineates a 
group of animals where the fractional catabolic rate and 
the clearance rate decrease by approximately 1.1 
pools/day and 1.8 ml/h per kg, respectively, for each 
10-fold increase in body weight. Also of note is the fact 
that the rate of LDL-C clearance in the female SD rat is 
much closer to the mainstream group of animals than is 
this species with respect to cholesterol biosynthesis (Fig. 
2). Furthermore, it is of interest that this relationship is 
made up of animals that are omnivorous, carnivorous, 
and herbivorous. Included within the herbivorous group 
is at least one species of ruminant. 

B. Mechanisms of LDL-C removal from the plasma 

The key to understanding LDL-C turnover came with 
the discovery and characterization of the LDL receptor 
(48, 49). It was clear that such receptor-dependent LDL- 
C transport could be identified in vivo and accounted for 
a significant amount of LDL-C removal from the plasma. 
Furthermore, it was also found that derivatization of the 
LDL particle through chemical modifications such as 
reductive methylation or glycosylation blocked interaction 
of this lipoprotein with its receptor (46, 50, 51). Such 
modified LDL-C was cleared from the plasma in vivo at 
a rate that was similar in the normal animal (or human) 
and in the animal (or human) genetically lacking LDL 
receptor activity (45, 52, 53). Thus, by using homologous 
and derivatized LDL, it became possible to fractionate 
the rates of LDL-C turnover seen in the whole animal 
(Fig. 5) into receptor-dependent and receptor-independent 
components. Representative values for such data are sum- 
marized for five species in Table 1. 

This table gives representative rates of LDL-C removal 
from the plasma expressed as the absolute transport rate 
(B), the fractional catabolic rate (C), and the clearance 
rate (F). It is of interest that the absolute rate of total 
LDL-C transport out of the plasma varies relatively little 
among the five normal species (B, from 12 to 30 mg/day 
per kg) even though there is a 10-fold difference in the to- 
tal fractional catabolic rate (C, from 0.43 to 4.3 pools/day) 
and total clearance rate (F, from 0.72 to 7.1 ml/h per kg). 
The component of the total fractional catabolic and clear- 

TABLE 1. Representative values in several species for the parameters that describe the rates of LDL-C removal from the plasma by both 
the receptor-dependent and receptor-independent transport processes 

Species 

A. Plasma 
LDL-C 

Concentration 

B .  LDL-C 
Transport Out 
of the Plasma 

SD rat 
GS hamster 
Guinea pig 
NZW rabbit 
WHHL rabbit 
Human 
FH human 

mg/dl 

7 
21 
30 
20 

400 
75 

560 

mg/day Per ks 
12 
28 
30 
18 

106 
13 
40 

Whole Animal Fractional Catabolic Rate 

D. Receptor- E. Receptor- 
C. Total Dependent Independent 

paoldday 

4.3 3.2 1 . 1  
3.3 2.4 0.9 
2.5 1.9 0.56 
2.3 1.6 0.66 
0.66 0.0 0.66 
0.43 0.25 0.18 
0.18 0.0 0.18 

Whole Animal Clearance Rate 

G .  Receptor- H. Receptor- 
F. Total Dependent Independent 

ml/h per kg 

7 . 1  5.3 1.8 
5 .5 4.0 1.5 
4.2 3.3 0.9 
3.9 2.8 1 . 1  
1 . 1  0.0 1 . 1  
0.72 0.42 0.30 
0.30 0.0 0.30 

I .  Receptor- 
Dependent LDL-C 

Transport Out 
of the plasma 

% 

75 
73 
78 
72 
0 

58 
0 

This table shows representative values for the concentration of LDL-C in different species (column A) and for the absolute amount of LDL-C 
that is transported out of the plasma space each day per kg body weight (B). These absolute rates of removal are also expressed as whole animal 
fractional catabolic rates (C) and clearance rates (F), and each of these values, in turn, is subdivided into the receptor-dependent (D, G) and receptor- 
independent (E, H) components. The final column (I) shows the percentage of whole animal LDL-C turnover that is receptor-dependent. These 
data are calculated from measurements made in normal animals on diets low in cholesterol and triacylglycerol (36, 45-47) except for those made 
in normal humans (38) where the subjects were on the usual lipid-rich human diets. In addition to normal animals and humans, this table also contains 
equivalent measurements made in subjects that genetically lacked functional LDL receptor activity, i .e . ,  the WHHL rabbit and FH humans (38, 
45). The interconversions of the three kinetic parameters were done by assuming that the plasma volumes were approximately equal in the various species. 
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ance rates that is receptor-dependent is shown in columns 
D and G, respectively, and this component is expressed as 
a percentage of the total LDL-C turnover in column I. It 
is evident that in the SD rat, GS hamster, guinea pig, and 
NZW rabbit, studied while on a diet low in cholesterol 
and triacylglycerol, receptor-dependent LDL-C transport 
accounts for 72-78% of the degradation of LDL-C taking 
place in the whole animal (36, 45-47). In the young, 
healthy human subject, this figure is only 58%, but these 
subjects were on the usual human diets containing 
cholesterol and fatty acids known to partially suppress 
receptor activity (38). 

100 
50 
0 

150 
B. GSHAMSlER(Q) 
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L :: 
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l o t  n 
Fig. 6. Rates of LDL-C clearance in 15 tissues of different species. Us- 
ing steady-state infusions of homologous LDL-C or  derivatized heterolo- 
gous LDL-C (35, 36), absolute rates of LDL-C clearance by the 
receptor-dependent and receptor-independent transport processes in the 
individual organs of these species were quantified in vivo. These rates, 
measured in animals on diets low in cholesterol and triacylglycerol, are 
expressed as the ~1 of plasma entirely cleared of LDL-C per h per g of 
each organ (Cllh per 9). Each value represents the mean of data in 3-12 
animals (35, 36, 45, 56 and unpublished observations from this labora- 
tory). The data for the liver of humans were calculated indirectly3 and 
show only the receptor-dependent component. No transport data are 
available for the other tissues of man in vivo. 

Table 1 also shows the transport data in two species, the 
WHHL rabbit and FH human, that genetically lack 
receptor-dependent LDL-C transport activity. In both 
species the magnitude of the receptor-independent com- 
ponent is essentially the same in the normal and receptor- 
deficient members of that species. Thus, because it is the 
receptor-dependent component of LDL-C transport that 
appears to be suppressed by dietary lipids, feeding 
cholesterol and saturated fatty acids lowers the total frac- 
tional catabolic rate towards the value of the receptor- 
independent component, but never below that value. Ta- 
ble l also illustrates the high rates of transport that can 
be achieved by the receptor-independent component. The 
absolute rate of LDL-C movement out of the plasma (B) 
is six times normal in the WHHL rabbit and three times 
normal in the FH human. These high velocities of 
receptor-independent transport are only achieved, 
however, by allowing the steady-state plasma LDL-C con- 
centration to increase into the range of 400-600 mg/dl (A). 

C. Rates of LDL-C transport into different tissues 

The next question of importance is which tissues in the 
body account for these rates of receptor-dependent and 
receptor-independent LDL-C uptake observed in the 
whole animal. With the development of radiolabeled mar- 
kers for LDL that are retained within the different organs 
(54, 55) and short-term, steady-state infusion techniques 
using both homologous and derivatized LDL-C (35, 36), 
it has become possible to determine the absolute rates of 
receptor-dependent and receptor-independent LDL-C 
transport into every organ in the live animal. Fig. 6 sum- 
marizes the available data of this type and shows the rates 
of receptor-dependent and receptor-independent trans- 
port into 15 different tissues of six species. The calculated 
rate of receptor-dependent uptake in the human liver is 
also shown.3 These data are expressed as clearance rates 
and describe the pl of plasma cleared of its LDL-C con- 
tent each h per g of each organ. 

As is apparent, the general profile of LDL transport is 
the same in all species. First, only three organs consis- 
tently manifest high rates of LDL-C transport per g of tis- 
sue: these include the liver and two endocrine tissues, the 

31n a typical young, normal adult human, the fractional catabolic rate 
is about 0.43 pools/day while the receptor-independent component of 
this turnover equals approximately 0.18 pools/day (38). Thus, such a 
70-kg individual has a receptor-dependent clearance rate of about 10 
ml/day per kg (0.42 ml/h per kg). If 70% of this clearance occurs in the 
liver, then the hepatic receptor-dependent clearance rate would equal 
about 15 pllh per g. Direct confirmation of this value comes from studies 
in a young adult with homozygous familial hypercholesterolemia who 
received a normal liver transplant (53). This transplant increased the 
LDL-C clearance rate from 5.4 to 13.9 ml/day per kg (from 0.23 to 0.58 
ml/h per kg). As this organ was the only source for receptor-dependent 
LDL-C transport in this individual, the receptor-dependent clearance 
rate in the transplanted liver must'have equaled approximately 17 pI/h 
Per g. 
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adrenal gland and ovary. Furthermore, it is clear that 
these high rates are achieved only because there is a large 
component of receptor-dependent uptake in these three 
organs. The magnitude of this component in the adrenal 
gland and ovary, however, varies markedly among the 
different species regardless of size (56), while receptor- 
dependent transport in the liver varies inversely with 
animal weight. Thus, in small animals such as the mouse, 
GS hamster, and SD rat, hepatic LDL-C clearance equals 
approximately 100 pllh per g, but this value drops to 
about 60 pllh per g in the dog and cynomolgus monkey, 
and to only 15-17 pl/h per g in humans. There is a second 
group of tissues where receptor-dependent transport can 
also be clearly identified, yet the overall rates of LDL-C 
uptake are usually low. This group includes the spleen, 
kidney, small intestine, lung, and colon. Finally, there is 
a third group of organs that include adipose tissue, skin, 
muscle, and brain, where it is essentially impossible to de- 
tect any LDL-C uptake, either receptor-dependent or 
receptor-independent. 

Except for the receptor-dependent transport rate calcu- 
lated for the liver in a young transplant patient (G), no 
detailed clearance data are available in vivo in humans. 
Heparin-specific LDL binding to homogenates of various 
human tissues has, however, been reported (57). To the 
extent that such binding data reflect receptor-dependent 
LDL transport, these data generally agree with the actual 
clearance rates illustrated in Fig. 6. Homogenates of or- 
gans such as brain, adipose tissue, muscle, and skin have 
little specific binding, while tissues such as spleen, kidney, 
small intestine, and colon manifest significantly greater 
specific interaction with LDL. The two endocrine tissues, 
the adrenal gland and ovary, bind the greatest amount of 
LDL. Unfortunately, heparin-specific LDL binding in 
hepatic membranes in this study was very low. However, 
these particular measurements were carried out in tissues 
obtained from older patients who presumably were main- 
tained on diets containing cholesterol and saturated fatty 
acids, and many of these subjects had tumors and were 
subjected to the trauma of surgery. It is to be anticipated, 
therefore, that hepatic LDL-C clearance in the livers of 
such subjects would be suppressed and the rates of trans- 
port in these individuals would certainly not be compara- 
ble to those shown in Fig. 6 which were all obtained in 
healthy, young, sexually mature animals maintained on 
diets essentially free of lipids. 

D. Importance of each organ for LDL-C transport in 
the whole animal and humans 

The key to understanding LDL-C turnover in the 
whole animal or humans revolves around the relative im- 
portance of each of these tissues for clearing LDL-C from 
the plasma. The absolute rate of LDL-C uptake into each 
organ can be calculated by multiplying the rate of 
receptor-dependent and receptor-independent LDL-C 

transport per g of tissue (Fig. 6) by the weight of each or- 
gan in each species. The sum of the uptake rates in the 
individual organs equals the rate of LDL-C turnover in- 
dependently determined in the whole animal (Fig. 5). 
The relative importance of each organ to whole animal 
LDL-C degradation can then be calculated and these 
data are summarized in Fig. 7 for all species in which 
such measurements have been made. In five species main- 
tained on diets low in cholesterol and triacylglycerol, it is 

Fig. 7. Relative importance of the small intestine (A), extrahepatic tis- 
sues (B), and liver (C) in removing LDL-C from the plasma in vivo in 
different species. By multiplying the weight of each organ by the rate of 
LDL-C clearance per g of that organ (Fig. 6), the absolute rates of clear- 
ance of LDL-C by each tissue can be calculated. The sum of the clear- 
ance rates in all organs equals the clearance rate of LDL-C in the whole 
animal (Fig. 5, Table I). This figure shows the percentage of whole 
animal LDL clearance that can be accounted for by uptake in the small 
intestine, remaining extrahepatic organs, and liver in animals main- 
tained on diets low in cholesterol and triacylglycerol. These percentages 
include both the receptor-dependent and receptor-independent compo- 
nents. In the case of the mouse, female GS hamster, and cynomolgus 
monkey, detailed organ weights were not available so only total clearance 
rates are shown. The data in humans were calculated indirectly3 assum- 
ing that the liver accounts for 2.0% of body weight. Except for the data 
in humans, these values represent the means of data from 3-12 animals 
(35, 36, 45, 47 and unpublished observations from this laboratory). 
(Figure modified, with permission, from the Annual Review of Nutrition, 
Vol. 13, 1993 by Annual Reviews Inc.) 
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clear that the liver accounts for the uptake and degrada- 
tion of about 70% of the LDL-C that is turned over in the 
whole animal each day (C). A similar figure can be calcu- 
lated from the limited data available in humans3 The ab- 
solute level of hepatic LDL-C uptake in these various 
animals is dictated by two variables: in going from small 
animals such as the mouse to the larger primates I )  the 
rate of clearance into the liver decreases from -120 to - 15 pl/h per g (Fig. 6); and 2) the relative size of the liver 
decreases from -5.5 to -1.5% of body weight. Yet 
despite these major variables, the liver is the overwhelm- 
ingly important site for LDL-C clearance from the 
plasma in every species in which quantitative data are 
available. The small intestine (A) and all of the remaining 
extrahepatic tissues (B) together account for the degrada- 
tion of the remaining -30% of LDL-C. Furthermore, 
within this latter group large and important organs such 
as muscle and the central nervous system appear to take 
up virtually no cholesterol from the circulating LDL-C 
pool. Thus, in the whole animal, and presumably in hu- 
mans, most cholesterol is synthesized and utilized in the 
extrahepatic organs (Fig. 4) while most of the cholesterol 
carried in LDL is taken up into the liver (Fig. 7). 

Two other important conclusions come from the data 
shown in Fig. 7. In the whole animal, 72-78% of LDL-C 
degradation is receptor-mediated (Table 1). Of this 
receptor-dependent transport identifiable in the whole 
animal, -80% takes place in the liver of all species in 
which data are available (Fig. 7). In contrast, 22-28% of 
LDL-C is removed from the plasma in the whole animal 
by the receptor-independent process (Table l), and 
- 70% of this transport activity is located in the intestine 
(A) and other extrahepatic tissues (B). Thus, any genetic 
or environmental factor that reduces receptor-dependent 
LDL-C transport in the liver will necessarily partially 
shift the burden of LDL-C clearance in the whole animal 
from the liver to the extrahepatic organs. 

As is the case with the data on cholesterol synthesis in 
the various organs (Fig. 4), the data in Fig. 7 apply only 
to the particular situation where animals are maintained 
on commercial diets essentially free of cholesterol and 
triacylglycerol. Any dietary addition that would enhance 
net sterol loss from the body may increase receptor- 
dependent LDL-C transport into the liver and so increase 
the relative importance of this organ as a site for LDL-C 
clearance in the whole animal. Conversely, the addition of 
certain lipids to the diets of these animals may lead to sup- 
pression of hepatic receptor-dependent transport and a 
decrease in the importance of the liver to whole animal 
LDL-C degradation. 

These two sets of data also provide important insights 
into the possible physiological function of circulating 
LDL-C. Contrary to earlier assumptions, it now seems 
evident that LDL does not function in a major way to 
deliver cholesterol from the liver to the extrahepatic or- 

gans. From the data shown in Table 1 and Figs. 4 and 7. 
it can be calculated that in all of these species, including 
humans, the amount of cholesterol synthesis taking place 
in the extrahepatic tissues is 3-5 times greater than thc 
amount of cholesterol being delivered to these organs by 
LDL. Furthermore, when the LDL-C concentration in 
the plasma is decreased to near 0 mg/dl, either by block- 
ing VLDL-C secretion (58) or by markedly increasing 
hepatic receptor-dependent clearance (59), synthesis in 
these extrahepatic tissues can increase to compensate for 
even this small contribution of LDL-C to the peripheral 
sterol pools. Similar findings have been reported in hu- 
man subjects with little or no circulating LDL-C. Whole 
body cholesterol synthesis is either normal (60) or slightly 
increased (61), and there is no evidence of organ dysfunc- 
tion attributable to a shortage of sterol in any extrahepatic 
tissue except the adrenal gland under circumstances of ex- 
treme ACTH stimulation (62, 63). 

As even this small contribution of cholesterol to the ex- 
trahepatic organs is primarily mediated by the receptor- 
independent transport process (Fig. 7), one would antici- 
pate even less disruption of cholesterol homeostasis in 
these tissues with loss of receptor-dependent LDL-C up- 
take. This prediction has been confirmed in the homozy- 
gous WHHL rabbit where rates of cholesterol synthesis 
are virtually unchanged from control animals in every ex- 
trahepatic organ except the adrenal gland, where synthe- 
sis is increased 5-fold (21). Similarly, in the heterozygous 
and homozygous FH patient, whole body cholesterol syn- 
thesis is essentially normal and there is no evidence of or- 
gan dysfunction other than, again, the response of the 
adrenal gland to extreme ACTH stimulation (64, 65). 
Thus, when subjected to marked stimulation, the adrenal 
gland (and, possibly, the ovary) may actually use LDL-C 
as a second source of cholesterol for hormone production. 
With this exception, however, there is currently no evi- 
dence that the function of any extrahepatic organ is de- 
pendent upon LDL-C for maintenance of physiological 
function. 

If this is the case, and there is little or no biological use 
for LDL-C, then the alternative possibility is simply to 
consider LDL-C one of the remnants of VLDL 
metabolism that should be cleared from the plasma as 
rapidly as possible. Thus, the two classes of apoB- 
containing lipoproteins would manifest similar functions 
and behaviors. The chylomicron particle functions 
primarily to move triacylglycerol from the intestinal 
epithelial cell to the peripheral sites of utilization and 
storage, and the remnant of this particle is rapidly cleared 
from the plasma by the liver, primarily through utilization 
of the chylomicron remnant receptor. In a similar fashion, 
VLDL functions primarily to move triacylglycerol from 
the liver to the same peripheral sites of utilization and 
storage, and its remnants are also rapidly cleared from the 
plasma by the liver, principally through intervention of 
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the LDL receptor (Fig. 1). Thus, in the absence of dietary 
lipids, the LDL-C concentration is well below 40 mg/dl in 
virtually every species in which such data are available 
and these include the rat, hamster, guinea pig, various 
nonhuman primates, and the human infant (66). Even 
this low level is attributable to the fact that hepatic LDL- 
C clearance occurs at rates of only about 100 pl/h per g 
(Fig. 6) while the hepatic clearance of chylomicron rem- 
nants takes place at rates in excess of 20,000 pl/h per g 
(67). If hepatic LDL receptor activity is increased only 
modestly (59, 68, 69), to 500 pl/h per g, the concentration 
of LDL-C, like the concentration of chylomicron rem- 
nants, decreases essentially to zero. 

IV. REGULATION OF CHOLESTEROL SYNTHESIS 
AND LDL-C TRANSPORT BY DIETARY LIPIDS 

A. General features of the regulation of LDL-C 
transport 

While the studies reviewed thus far delineate the rela- 
tive importance of various organs to receptor-dependent 
and receptor-independent LDL-C transport out of the 
plasma in a particular dietary circumstance, it is clear 
that these quantitative relationships are profoundly 
influenced by both environmental and genetic factors in 

plasma (and into the individual organs) is a linear func- 
tion of the plasma LDL-C concentration (A) (36, 45,47). 
Because of this linear relationship, the fractional catabolic 
and clearance rates for this receptor-independent process 
are constant and independent of the plasma LDL-C con- 
centration (B and Table 1) (38, 45, 52). In contrast, the 

300 ' 'A' ' ' 

such a way that the steady-state LDL-C-concentration in 
any species can be varied from virtually 0 mg/dl to over 
500 mg/dl. In order to define how these environmental 

and lead to these changes in LDL-C concentration, it is 
next necessary to review the quantitative relationships 
that have been described between hepatic cholesterol 
metabolism and the rates of LDL-C formation and degra- 

eo-*' . ' c . '  ' ' -  

and genetic factors might alter the biology of the liver cell gZ" 6 0 -  

dation. 
In general terms, the steady-state concentration of 

LDL-C is determined by only three processes. These in- 
clude the rate at which LDL-C enters the plasma space, 
i.e., the LDL-C production rate, and the rates at which 
LDL-C is transported out of the plasma by the receptor- 
dependent and receptor-independent processes. The ki- 
netic characteristics of these two transport processes in the 
whole animal are illustrated by the various curves shown 
in Fig. 8. These curves were constructed by systematically 
increasing the LDL-C production rate from 0 to a high 
value so as to produce steady-state plasma LDL-C con- 
centrations varying from 0 to 500 mg/dl. Panel A shows 
how the absolute rate of LDL-C transport out of the 
plasma varies as a function of the plasma LDL-C concen- 
tration, while panel B shows the same transport data ex- 
pressed as either a whole animal LDL-C fractional cata- 
bolic rate or clearance rate. 

The first observation illustrated by these kinetic curves 
is that in experimental animals and in humans the rate of 
receptor-independent transport of LDL-C out of the 

PLASMA LDL-C 
CONCENlRATlON (ma) 

Fig. 8. Representative values for the parameten describing LDL-C 
turnover as a function of the plasma LDL-C concentration. This figure 
illustrates the manner in which the absolute and relative magnitude of 
receptor-dependent and receptor-independent LDL-C removal from the 
plasma change at different concentrations of plasma LDL-C. These 
curves were constructed using rate constants appropriate for a small 
animal such as the hamster or guinea pig where maximal receptor ac- 
tivity u"), receptor affinity (k), and the proportionality constant for 
the receptor-independent process (P) were all kept constant. The forma- 
tion of LDL-C ut) was assumed to progressively increase so as to raise 
the steady-state plasma LDL-C concentration from 0 to 500 mg/dl. The 
rates of LDL-C removal from the plasma by the receptordependent and 
receptor-independent processol are presented as either the absolute rates 
of LDL-C removal (A) or as the fractional catabolic or clearance rates 
(B). In both of these panels the receptor-dependent component equals 
the value for total LDL-C removal minus the receptor-independent 
component (cross-hatched) and is shaded. Panel C shows the percentage 
of LDL-C removal from the plasma that is receptor-dependent at each 
plasma LDL-C concentration. The data points labeled a and b illustrate 
the differences in these parameten at two different concentrations of 
plasma LDL-C when J" and P are constant, while the points labeled c 
and d illustrate the effects of eliminating receptor-dependent LDL-C 
transport (i.e., J" becomes zero) in these two instances. 

Dietscb, %r@, and Spady Cholesterol and LDL homeostasis 1647 



receptor-dependent transport that is also removing LDL- 
C from the plasma in the normal animal and human has 
been shown to be saturable (A) (35, 47). Consequently, 
the magnitude of this receptor-dependent process, when 
expressed as a fractional catabolic or clearance rate, 
decreases as the plasma LDL-C concentration is in- 
creased (B). Thus, as illustrated by this set of curves, 
when the plasma LDL-C level is progressively raised by 
systematically increasing the LDL-C production rate, the 
absolute rate of total LDL-C removal from the plasma in- 
creases in a curvilinear fashion (A), while the fractional 
catabolic rate falls progressively (B). Under these circum- 
stances the percentage of LDL-C that is removed from the 
plasma by the receptor-dependent transport process 
necessarily also declines (C). These changes occur, it 
should be emphasized, under circumstances where LDL 
receptor activity in the whole animal has been kept constant. 

The four data points in Fig. 8 also show how these rela- 
tionships are altered with extreme changes in LDL-C for- 
mation or receptor activity. Point a, for example, shows 
the typical situation in an experimental animal on an es- 
sentially lipid-free diet. The rate of LDL-C production, 
and its rate of transport out of the plasma, are shown 
equal to about 30 mg/day per kg, and the steady-state 
concentration of LDL-C in the plasma equals -25 
mg/dl. This absolute transport rate of 30 mg/day per kg 
(A) can also be expressed as an FCR of 2.8 pools/day or 
a clearance rate of about 5 ml/h per kg (B). In this case, 
80% of the transport is receptor-dependent (C). If the 
LDL-C production rate is increased 4-fold, to 120 mg/day 
per kg (point b), the FCR and clearance rate both decline 
(B), about 67% of transport is now receptor-dependent 
(C), and the plasma LDL-C concentration would increase 
to about 150 mg/dl. Points c and d, respectively, illustrate 
the changes in these relationships that would occur if all 
receptor-dependent transport were lost but the LDL-C 
production rate was still either 30 or 120 mg/day per kg. 
In both cases the FCR and clearance rates would decrease 
to the same fixed values (B) and the steady-state plasma 
LDL-C concentrations would increase to the high levels 
necessary to drive receptor-independent LDL-C uptake 
at the two respective rates of LDL-C production. Thus, 
for example, the plasma LDL-C concentration would 
have to reach almost 500 mg/dl to achieve a rate of LDL- 
C removal through the receptor-independent process 
equal to 120 mg/day per kg (point d). 

Observations such as these on the kinetic characteristics 
of the receptor-dependent and receptor-independent LDL 
transport processes in the whole animal and in individual 
organs provide the basis for describing the regulation of 
plasma LDL-C concentrations in relatively simple mathe- 
matical terms. As the rate of receptor-independent LDL-C 
transport (Ji) is a linear function of the concentration of 
LDL-C in the plasma (C,), the velocity of this transport 
process at any plasma LDL-C concentration must equal 

the product PC, where P is the proportionality constant 
that describes the change in the value of Ji  for each mg/dl 
increase in C1, Le., the slope of the dashed line in panel 
A, Fig. 8 (47, 70, 71). Similarly, because the kinetics of the 
receptor-dependent transport process are saturable, the 
rate of this process Ud) can be calculated from the rela- 
tionship JmCI/K, +C,  where J" is the maximal rate of 
receptor-dependent LDL-C transport that can be 
achieved when all receptors are fully occupied (a function 
of receptor number) and K, is the concentration of 
plasma LDL-C necessary to achieve half of this maximal 
transport velocity (a function of the affinity of the LDL 
particle for its receptor under in vivo conditions). In the 
whole animal the rate of total LDL-C transport out of the 
plasma ut) equals Ji plus Jd. Thus, the rate of total LDL- 
C transport out of the plasma at any LDL-C concentra- 
tion can be calculated from the following expression (47, 
70, 71): 

J"CI + PCI K, + PCT 
J t  = J i  + Jd = E% 1) 

K, + Ci 

Because, in the steady-state, this rate of total LDL-C 
transport must equal the rate of LDL-C production, this 
expression takes into account both the rate of LDL-C en- 
try into the plasma and the rate of exit of this particle. 
Hence, by solving this equation for C1, the following ex- 
pression is obtained: 

Jt-J"-PK,+[(Jt-Jm-PKm)*+4PK JtI1'* 

2P 
c,  = E9. 2) 

This expression allows calculation of the steady-state 
LDL-C concentration that will be achieved at any value 
of the LDL-C production rate Ut, mg/h per kg), max- 
imal receptor-dependent transport activity in the whole 
animal (Jm, mg/h per kg), LDL-C affinity for its receptor 
(K,, mg/dl), and the receptor-independent transport 
constant (P, mg/h per kg per mg/dl). The values for each 
of these four transport parameters have now been deter- 
mined in a number of animals and data from four 
representative species are shown in Table 2. 

From equation 2 it is apparent that genetic polymor- 
phisms or environmental factors that raise the plasma 
LDL-C concentration must do so by decreasing J" or P, 
or by elevating Jt or K,. For example, mutations at 
many different locations in the LDL receptor have been 
described that result clinically in FH and are manifest 
physiologically as decreases in J" (73). A single amino 
acid substitution in apoB also has recently been reported 
to increase K, and so raise the steady-state concentra- 
tion of LDL-C in the plasma (74-76). However, the en- 
vironmental effects on plasma LDL-C levels are mediated 
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TABLE 2. Values for the various kinetic parameters of LDL-C metabolism in four species 

B. Maximal D. Receptor- 
A. LDL-C Production Receptor-Dependent C. LDL-C Independent 

Species Rate, J, Transport, J" Affinity, K, Transport, P 

mg/h per kg mg/h per kg mg/dl mg/h per kg per mg/dl 

SD rat 0.50 
GS hamster 1 . 1 7  
NZW rabbit 0.75 
Human 0.54 

4.1 
4.9 
2 . 1  
0.8 

97 
91 
90 
90 

0.006 
0.012 
0,009 
0.003 

This table gives representative values for the four parameters, J,, J'", K,, and P, that dictate plasma LDL-C 
levels, C,,  in four species (equation 2). These values were determined directly in the SD rat, GS hamster, and NZW 
rabbit maintained on commercial diets low in cholesterol and triacylglycerol while the values in humans were deter- 
mined indirectly (72) in subjects on the usual Western diet. 

primarily through changes in LDL receptor activity and 
LDL-C production rates. Thus, while additional investi- 
gations need to be undertaken into the subtle alterations 
in P and K, that may occur with these dietary 
challenges, the remainder of this review will deal with the 
major effects of these environmental factors on J" and Jt .  

B. Regulation of the plasma LDL-C level by changes in 

The insert in Fig. 9 restates diagrammatically these 
four kinetic parameters that dictate the steady-state value 
of C1, and it is intuitively apparent that any event that in- 
creases Jt or lowers J" must necessarily increase C l  un- 
der circumstances where both K, and P are kept cons- 
tant. The exact relationship between C1 and changes in 
either J" or Jt can be calculated by entering the ap- 
propriate values for each of these variables into equation 
2. Such calculations yield the three curves shown in this 
figure which illustrate how the plasma LDL-C concentra- 
tion will change if receptor activity is reduced from 100 to 
0% under circumstances where LDL-C production is set 
at a constant value equal to 100, 200, or 300% of the con- 
trol value. 

Point a represents the usual control situation seen in 
the experimental animal fed a lipid-free diet or the new- 
born human infant where plasma LDL-C concentrations 
are about 25 mg/dl. For simplicity the relative values of 
J" and Jt have both been set at 100% in this situation. 
The experimental points labeled b, c, and d illustrate how 
the plasma LDL-C concentration will increase to -160 
mg/dl if Jt is constant at 100% but receptor activity is 
reduced to 50, 25, and O%, respectively, of control. 
Clearly, C1 does not increase significantly until more than 
half of the receptor activity in the animal is lost. Similarly, 
the points labeled e and f show how the plasma LDL-C 
concentration will increase when the LDL-C production 
rate is increased to 200 and 300% of control under cir- 
cumstances where receptor activity is kept constant at 
100%. It is also possible for both J" and Jt to change 

LDL receptor activity and production rate 

i 

RELATIVE RECEPTOR A C T I V ~ , J ~ ( % )  

Fig. 9. Theoretical curves showing how the plasma LDL-C concentra- 
tion would change under circumstances where receptor activity u") in 
the whole animal is progressively decreased to zero or where the LDL-C 
production rate ut) is set equal to either 200% or 300% of the control 
value. Point a represents the control animal where the relative values of 
J" and J, are both set equal to 100% and where the steady-state con- 
centration of LDL-C equals -25 mg/dl. Equation 2 was used to con- 
struct these curves assuming that the animal weighed approximately 0.1 
kg and using the following kinetic parameters: Jt of 180 pg/h (loo%), J" 
of 800 pg/h (loo%), K, of 100 mgldl, and P of 1.08 pg/h per mg/dl. 
The points labeled a-d show how the plasma LDL-C concentration 
changes as receptor activity is progressively decreased to zero, while the 
points labeled a, e, and f illustrate the effect of increasing the LDL-C 
production rate. The other open circles represent situations that are dis- 
cussed in the text. Curves similar to these can be constructed for any spe- 
cies, including humans, by using the kinetic parameters in equation 2 
that are appropriate for that species. The solid data points show what 
typically occurs when control animals (a) are fed diets containing 
progressively greater amounts of cholesterol until new steady-states are 
reached. The higher the dietary cholesterol content, the more leftward 
and upward move the data points as J" is reduced and J, is increased. 

Dietschy, Turly, and Spady Cholesterol and LDL homeostasis 1649 



simultaneously. Point i, for example, represents such a sit- 
uation where receptor activity is reduced to 50% and the 
LDL-C production rate is increased to 190% of control. 

These sets of theoretical curves, which can be con- 
structed for any species where the four transport 
parameters are available (Table 2), illustrate four very im- 
portant principles concerning the regulation of C First, 
the plasma LDL-C concentration is not related in an in- 
verse, linear fashion to receptor activity. Because of the 
shape of these curves, the absolute rise in C1 will always 
be greater when receptor activity is lost (e.g., point b to 
d) than will the absolute decrease in the plasma LDL-C 
concentration when there is a quantitatively similar in- 
crease in J" (e.g., point b to a). One cannot, therefore, 
make quantitative judgments about whole animal LDL 
receptor activity based on changes in the plasma LDL-C 
level. Second, the absolute rise in C1 produced by a 
change in the production rate is very dependent upon the 
amount of receptor activity present in a particular 
animal. For example, doubling the production rate in the 
presence of 100% receptor activity increases the absolute 
concentration of LDL-C by only - 30 mg/dl (points a and 
e). In contrast, doubling Jt when only 25 or 0% of recep- 
tor activity is present in the animal increases C by - 125 
mg/dl (points c and g) and -170 mg/dl (points d and h), 
respectively. Third, it follows, therefore, that the highest 
steady-state concentrations of LDL-C will be seen when 
J" is reduced simultaneously with an increase in the 
production rate, and the greatest reduction in this level 
will follow a dietary or pharmacological manipulation 
that increases receptor activity while simultaneously 
decreasing Jt. Fourth, while not shown in Fig. 9, any 
change in the K, value that is superimposed on these al- 
terations in J" and Jt will lead to additional alterations in 
C, that are also predictable from equation 2. 

While the curves in Fig. 9 were constructed as if J" 
and Jt are independent variables, it is now apparent that 
this is not the case in either the experimental animal or 
humans. As illustrated in Fig. 1, the remnants of both 
VLDL and LDL are thought to be cleared from the 
plasma largely by the LDL receptor, When receptor ac- 
tivity is suppressed, a greater proportion of the VLDL 
remnants is converted to LDL, and Jt increases (9, 10, 
77, 78). Thus, many examples now exist where changes in 
LDL-C concentrations brought about by genetic, dietary, 
or pharmacological means manifest reciprocal changes in 
receptor activity and production rate. For example, sup- 
pression of receptor activity with diets invariably causes 
a simultaneous increase in Jt (77, 78). In genetic diseases 
where LDL receptor activity is totally absent, the LDL-C 
production rate is markedly elevated. In the homozygous 
FH human and WHHL rabbit this increase equals 3- and 
6-fold, respectively (column B, Table 1) (38, 45, 72). On  
the other hand, the marked reduction in plasma LDL-C 
concentration seen after administration of HMG-CoA 

reductase inhibitors or diets containing unsaturated fatty 
acids is brought about by both an increase in J" and a 
reduction in Jt (72, 78). 

Thus, these theoretical curves define the relationships 
that would be anticipated between environmentally in- 
duced changes in J" and Jt and the steady-state LDL-C 
concentration. Recently, a number of investigations have 
been reported in which direct measurements of these two 
transport parameters have been made as varying quanti- 
ties of the two major dietary lipids, cholesterol and triacyl- 
glycerol, have been systematically added to the diet. 
These studies have provided a rather clear picture of how 
these lipids alter hepatic metabolism, at least in the ham- 
ster, and bring about marked changes in the steady-state 
levels of cholesterol circulating in the LDL fraction. 

C. Effect of changes in  net sterol balance across the 
liver 

In virtually every species that has been studied, includ- 
ing humans, the addition of small amounts of cholesterol 
to an essentially lipid-free diet leads to a series of changes 
in hepatic sterol metabolism that ultimately results in 
modest elevations of the plasma LDL-C concentrations 
(79-81). Cholesterol that is present in the diet is partially 
absorbed (82, 83) and delivered to the liver in the 
chylomicron remnant (Fig. 1). The initial metabolic effect 
of this absorbed sterol is to suppress the rate of cholesterol 
synthesis to essentially zero. As additional amounts of 
dietary cholesterol enter the liver they are almost immedi- 
ately esterified to fatty acids, particularly oleic acid (84, 
85), and deposited in the cytosol as biologically inert, 
cholesteryl esters. The rate of this reaction, which is cata- 
lyzed by the enzyme acyl-CoA:cholesterol acyltransferase 
(ACAT), appears to be driven by the amount of excess 
cholesterol in the cytosol (85, 86). Thus, the small pool of 
unesterified sterol that is the putative regulator of hepatic 
receptor activity appears to vary directly with the steady- 
state level of cholesteryl esters in the cell. When this 
steady state is achieved, therefore, the concentration of 
cholesteryl esters varies directly, and J" varies inversely, 
with the amount of cholesterol absorbed from the diet (81, 
87, 88). As receptor activity is progressively suppressed, 
simultaneous increases in LDL-C production are also ob- 
served (81). 

The net effect of these changes in J" and Jt on the 
plasma LDL-C concentration is illustrated by the dashed 
line in Fig. 9. In most experimental animals, and in the 
human infant and adult, feeding small amounts of 
cholesterol in the diet varying from - 20 to 80% of a par- 
ticular species' daily turnover causes an elevation of the 
plasma LDL-C concentration in a dose-dependent 
fashion to levels of -40 to 150 mg/dl (66, 79, 81, 89). In 
experimental animals, these elevations result from sup- 
pression of J" (data points move leftward in Fig. 9) 
and small increases in Jt (data points move upward), and 

1650 Journal of Lipid Research Volume 34, 1993 



the magnitude of these changes is proportional to the 
amount of cholesterol added to the diet (81). While these 
changes in the steady-state plasma LDL-C concentration 
are relatively modest, the partial suppression of J" 
brought about by even small amounts of dietary 
cholesterol makes the animal, or human, vulnerable to 
further changes in receptor activity and, particularly, 
LDL-C production that may be induced by other dietary 
components such as triacylglycerol. 

Thus, the effects of cholesterol feeding in the ex- 
perimental animal or human subject on sterol and LDL- 
C homeostasis (Fig. 1) can be summarized as follows. 
First, it is cholesterol itself that very likely is the compo- 
nent of the diet that causes these physiological effects. se- 
cond, where this mechanism is operative measurement of 
net sterol balance in the animal or human, i.e., the total 
amount of cholesterol synthesized in all of the tissues and 
absorbed across the small intestine, will always reveal a 
net increase in sterol delivery to the liver. Third, in 
response to this net increase in input, both the putative 
regulatory pool and the esterified pool of cholesterol in- 
crease in parallel so that J" decreases inversely and 
linearly with respect to the concentration of cholesteryl es- 
ters as net delivery of sterol into the liver is progressively 
increased (81). Fourth, the dose-dependent suppression of 
J", together with small increases in Jt, fully account for 
the modest increases in the plasma LDL-C concentration 
observed with cholesterol feeding (Fig. 9). Fifth, because 
of expansion of this putative regulatory pool, the liver be- 
comes even less important as a site for whole animal sterol 
synthesis (Fig. 4), and a greater proportion of LDL-C 
clearance must take place in the extrahepatic organs (Fig. 
7). Sixth, these changes, in turn, lead to a decrease in the 
whole animal LDL-C fractional catabolic and clearance 
rates, and a decrease in the percentage of LDL-C that is 
removed from the plasma by receptor-dependent trans- 
port (Fig. 8). 

All of these changes, it should be noted, come about be- 
cause of net changes in the delivery of cholesterol carried 
in the chylomicron to the liver (Fig. 1). A common mis- 
conception is that uptake of LDL-C by the liver also regu- 
lates these metabolic events. Certainly, when LDL-C is 
added to a cell preparation in vitro there is a net increase 
in sterol delivery to the system and down-regulation of 
J". In vivo, however, the cholesterol that is taken up by 
the liver as LDL-C is largely derived from the hepatocyte 
itself during VLDL-C secretion. Hence, uptake of LDL- 
C does not constitute a net contribution of cholesterol to 
the hepatic sterol pools and so, under these in vivo condi- 
tions, does not regulate J". 

Finally, it should also be noted that each one of these 
alterations can be reversed if net negative sterol balance 
is induced across the liver by, for example, increasing the 
content of soluble fiber in the diet or by feeding agents 
that specifically block bile acid and/or cholesterol absorp- 

tion. Such maneuvers are invariably signaled by a 
decrease in the content of hepatic cholesteryl esters and 
Jt and by an increase in the rate of hepatic cholesterol 
synthesis and J" (31). The liver becomes relatively more 
important as a site for sterol synthesis, and receptor- 
dependent LDL-C clearance in the whole animal and the 
fractional catabolic rate increase. 

D. Effect of dietary triacylglycerol on hepatic sterol 
homeostasis 

Triacylglycerol is the second major lipid component of 
human diets and may account for 30-50% of total caloric 
intake in many individuals. When added to a diet essen- 
tially free of cholesterol, triacylglycerols generally have 
less effect on the plasma LDL-C level than when dietary 
sterol is present in significant amounts (80, 81). In the 
presence of dietary cholesterol, however, these lipids pro- 
foundly affect hepatic sterol metabolism and the 
parameters of LDL-C transport. Once absorbed, triacyl- 
glycerols are also carried in the chylomicron particle (Fig. 
1) (90). The majority of the fatty acids in this lipoprotein 
are taken up by muscle and adipose tissue as the 
chylomicron is metabolized in the extrahepatic organs by 
lipoprotein lipase (8). However, a portion of the triacyl- 
glycerol is retained and delivered directly to the liver as 
the chylomicron remnant is cleared, and, in addition, 
fatty acids bound to albumin are constantly being circu- 
lated from the extrahepatic stores to the liver. Thus, the 
hepatocyte becomes enriched with the fatty acids present 
in the triacylglycerol of the diet (87, 91) and this, in turn, 
may markedly alter the relative activities of the various 
hepatic metabolic pathways in which the fatty acyl-CoA 
derivatives are utilized (92-94). In general, the metabolic 
effects of these lipids depend very much on whether they 
are saturated fatty acids of medium or long chain length 
or are unsaturated. 

When triacylglycerol made up predominantly of 
medium chain fatty acids is added to a diet containing 
cholesterol, there is virtually no additional effect of these 
lipids on hepatic cholesteryl ester formation or on J", Jt, 

or the plasma LDL-C concentration (77). In contrast, if 
this triacylglycerol contains predominantly long chain 
saturated fatty acids, then the elevated level of cholesteryl 
esters in the liver cell is reduced in proportion to the 
amount of such triacylglycerol added to the diet (77, 78, 
95). Furthermore, as shown in Fig. 10, these lipids also 
markedly alter the major parameters of LDL transport in 
the liver. Point b, for example, represents an animal fed 
cholesterol alone in sufficient amounts to raise the hepatic 
cholesteryl ester content and to suppress J" to about 
50% of the control value. The data points between b and 
c show the effects of feeding increasing amounts of satu- 
rated fatty acids until, at c, the triacylglycerol accounts for 
about 40% of the dietary caloric intake. It is clear that 
feeding this lipid, along with cholesterol, leads to further 
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Fig. 10. Effect of naturally occurring triacylglycerols on J"', Jc, and 
the plasma LDL-C concentration. These curves are identical to the theo- 
retical curves shown in Fig. 9. The open circle labeled a represents the 
usual situation in an experimental animal on a lipid-poor diet while the 
one labeled b shows the effects of adding cholesterol alone to this diet in 
amounts sufficient to suppress J" to about 50% of the control value. 
The data points between b and c illustrate the effects of adding increas- 
ing amounts of a triacylglycerol containing predominantly saturated 
fatty acids to the cholesterol-containing diet until at c about 40% of the 
calories come fmm the added lipid. Similarly, the data points between 
b and d show the effect of adding increasing amounts of a triacylglycerol 
containing predominantly unsaturated fatty acids to the diet until at d 
about 40% of the calories come from the added oil. The data points be- 
tween c and d illustrate what happens when the contribution of triacyl- 
glycerol to the diet is kept constant at about 40% of available calories, 
but unsaturated triacylglycerol is systematically substituted for the satu- 
rated oil (78). 

suppression of J" and to marked increases in LDL-C 
production so that, at the highest level, the plasma LDL- 
C concentration reaches nearly 200 mg/dl(77, 78, 81, 95). 
Similar increases in the circulating cholesterol concentra- 
tion have been reported in a variety of species, including 
humans, when triacylglycerol containing predominantly 
saturated fatty acids is added to the diet (96-102). 

Feeding cholesterol and triacylglycerol rich in unsatu- 
rated fatty acids, on the other hand, increases J" and 
modestly reduces C1 (points between b and d) (78, 87). 
Because of the shape of the curves in Fig. 10, it is apparent 
that increasing J" by, for example, 25% from the 
cholesterol-fed control value at b produces an absolute 
decrease in C1 that is much smaller than the absolute in- 
crease in the plasma LDL-C level that follows a similar 
25% reduction in J". These relationships readily explain 
the commonly observed finding in human studies that 
saturated fatty acids are more active in increasing the 
plasma cholesterol concentration than are unsaturated 
lipids in reducing this level (96, 97, 102). 

Finally, the data points between c and d illustrate the 
effects on these transport parameters when the level of 
dietary triacylglycerol is kept constant and unsaturated 
fatty acids are systematically substituted for saturated 
ones. There is progressive restoration of J", a reduction 

in Jt, and a decrease in the plasma LDL-C concentration 
from approximately 200 to 50 mg/dl. This type of study, 
however, obscures the fact that the saturated and unsatu- 
rated lipids have independent effects in regulating J" 
(78). In this case, the reduction in the plasma cholesterol 
level comes about because both the amount of active satu- 
rated fatty acid in the diet is being reduced and the level 
of active unsaturated fatty acid is being increased. It 
should be also emphasized that these regulatory effects of 
triacylglycerol are being exerted without any change in 
the rate of cholesterol absorption from the diet or any 
change in net sterol delivery to the liver (87, 91). 

More recent data have identified which of the specific 
fatty acids present in mixed triacylglycerols are capable of 
exerting these regulatory effects in the liver. As summa- 
rized in Fig. 11, when animals are fed diets containing a 
fixed amount of cholesterol and triacylglycerol, the 
changes observed in the parameters of LDL transport in 
the liver vary markedly with the type of fatty acid making 
up the triacylglycerol. The saturated fatty acids 6:0, 8:0, 
and 10:0 are rapidly metabolized to acetyl-coA by the 
liver cell and so do not alter the pattern of fatty acids in 
the various hepatic lipid pools (91). They do not change 
hepatic cholesteryl ester levels, nor do they alter J", Jt, 

or C1. Thus, as shown in Fig. 11, these particular lipids 
are biologically neutral with respect to LDL metabolism. 
In contrast, when the saturated fatty acids 12:0, 14:0, and 
16:O are fed, they enrich the hepatic lipid pools, suppress 
cholesteryl ester formation, further reduce J", and 
markedly increase Jt (87, 91). As a result of these changes 
the plasma LDL-C increases from the level of - 65 mg/dl 
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Fig. 11. The effect of specific dietary fatty acids on C1, J m ,  and Jt. 

Point a illustrates the experimental results obtained in animals receiving 
neither cholesterol nor triacylglycerol while point b represents the 
animals receiving 0.12% cholesterol by weight in the diet. The various 
other data points show the experimental results when a constant 20% of 
triacylglycerol is added to the cholesterol-containing diets under circum- 
stances where the different triacylglycerols contain a single species of a 
saturated or unsaturated fatty acid. 
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seen with cholesterol feeding alone (b) to nearly 200 
mg/dl. The monounsaturated fatty acid 18:1(9c), on the 
other hand, is active in restoring J" and reducing Jt SO 

that C1 drops to only about 50 mg/dl. These changes take 
place under circumstances where the content of 
cholesteryl esters in the liver cell markedly increases (87). 
This ability to up-regulate hepatic receptor activity is lost, 
however, if the double bond in this monounsaturated fatty 
acid is either converted to the trans configuration or is fully 
saturated (91). Thus, the 18:O and 18:1(9t) fatty acids are 
biologically neutral and do not alter any parameter of 
LDL metabolism beyond that attributable to the 
cholesterol also present in the diet (Fig. 11). Similar results 
have been reported in human studies where the ability of 
the 18:1(9c) fatty acid to lower the plasma LDL-C level is 
lost when the lipid is fully saturated or converted to the 
tram configuration (97, 103, 104). It should again be em- 
phasized that all of these regulatory events occur under 
circumstances where there is no detectable change in the 
percentage of dietary cholesterol that is absorbed or in net 
cholesterol delivery to the liver (87). 

Thus, fatty acids reaching the liver and enriching the 
various substrate pools also exert major regulatory effects 
on hepatic LDL metabolism that can be summarized as 
follows. First, because the magnitude of the effects of fatty 
acids is proportional to the amount of cholesterol also 
present in the diet, regulation of LDL receptor gene tran- 
scription by these lipids must be exerted indirectly, proba- 
bly through an alteration in the size of the putative 
regulatory pool of cholesterol in the liver (87). Second, in 
contrast to regulation brought about by cholesterol feed- 
ing, these marked changes in J" caused by fatty acid 
feeding occur under circumstances where there is no ob- 
servable change in either cholesterol absorption or synthe- 
sis and, hence, no demonstrable change in net sterol 
balance across the liver or whole animal (87, 91). Third, 
the active saturated fatty acids that suppress J" also sup- 
press steady-state cholesteryl ester levels in the liver cell 
while those that actively restore J" increase the size of 
this ester pool. Thus, in contrast to the regulation exerted 
by dietary cholesterol, with fatty acid feeding J" varies 
directly with the steady-state size of the cholesteryl ester 
pool (3, 87). Fourth, the 12:0, 14:0, and 16:O fatty acids 
suppress J" and increase Jt while the 18:1(9c) compound 
has the opposite effect (Fig. 11). The changes in these two 
parameters are sufficient to explain the large alterations in 
C1 that are induced by these lipids. Many other fatty acids 
are biologically neutral and exert no regulation on LDL 
metabolism. Fifth, feeding these fatty acids has no effect 
on cholesterol synthesis (87, 91) and so does not change 
the relative importance of the liver for whole animal syn- 
thesis (Fig. 4). However, the relative importance of the 
liver for whole animal LDL clearance (Fig. 7) and the 
percentage of LDL that is cleared by receptor-dependent 
transport (Fig. 8) are altered by particular fatty acids, de- 

pending upon whether that fatty acid increases or 
decreases J". 

Recently a model has been proposed to explain these 
interactions of dietary cholesterol and fatty acid in 
regulating hepatic receptor-dependent LDL-C transport 
(87). The essential features of this model are that 1) in the 
steady state, equilibrium between the small pool of sterol 
that regulates LDL receptor transcription and the biologi- 
cally inert pool of cholesteryl esters is dictated by ACAT 
and 2) the relative activity of this enzyme is determined 
by the concentrations of both of the reactants, i.e., the 
pools of excess cellular cholesterol and fatty acids. When 
net sterol delivery to the liver is progressively increased, 
both the putative regulatory and ester pools of sterol in- 
crease in parallel so that J" varies inversely with the level 
of cholesteryl esters in the liver cell. On  the other hand, 
when net sterol delivery to the liver is kept constant but 
the cell is enriched with fatty acids that are poor sub- 
strates for ACAT, e.g., the 14:O and 16:O compounds, 
cholesteryl ester formation is reduced, more sterol is 
forced into the putative regulatory pool, and J" is further 
suppressed. This same increased sensitivity to the cellular 
uptake of cholesterol has been reported in isolated cells 
where ACAT activity was inhibited pharmacologically 
(105). Contrariwise, if the liver is enriched with fatty acids 
such as 18:1(9c), the preferred substrate for ACAT (84, 
85), cellular sterol is shifted out of the regulatory com- 
partment and into the ester pool, and J" is increased. 
Hence, with fatty acid feeding J" varies directly with the 
steady-state concentration of cholesteryl esters in the cell 
(87). Whether this model is correct must await new 
methodology for actually identifying and quantitating the 
size of the putative regulatory pool of sterol in the cell. 

E. Effect of dietary cholesterol and triacylglycerol on 
absolute cholesterol flux across the liver and 
extrahepatic tissues 

Finally, this regulation of J" and Jt by dietary 
cholesterol and triacylglycerol has important implications 
with respect to absolute rates of cholesterol flux across the 
liver and extrahepatic organs. These implications are very 
different under the conditions that exist in the live animal 
compared to in vitro studies performed in isolated cell 
systems. Fig. 12, for example, illustrates how the absolute 
rate of LDL-C uptake varies as receptor activity in the 
liver is progressively suppressed. The four theoretical 
curves show how the rates of LDL-C transport would vary 
with changes in the plasma LDL-C concentration under 
circumstances where J" in the liver is reduced from 
100% to 75, 50, and 25% of the control value. The data 
points labeled a-f represent actual experimental measure- 
ments of LDL-C uptake where J" was suppressed by 
cholesterol and saturated fatty acid feeding (77, 78, 81). In 
the control situation (a) J" equals loo%, about 130 pg of 
LDL-C is transported into the liver each hour, and this 
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Fig. 12. The rate of LDL-C uptake into the liver plotted as a function 
of the plasma LDL-C concentration. This graph illustrates the effect of 
feeding cholesterol alone or cholesterol with triacylglycerols containing 
saturated fatty acids on the hepatic uptake of LDL-C by both the 
receptor-dependent and receptor-independent transport processes in the 
liver. The receptor-independent component of this uptake process is 
shown by the cross-hatched area and is based on a value of P in the liver 
of 0.30 Fg/h per mg/dl. The four other saturable transport curves 
represent the kinetic relationships where receptor-dependent transport 
in the liver is 100, 75, 50, and 25% of the value found in the control 
animals fed neither cholesterol nor triacylglycerol (point a). The data 
points b and c come from animals fed 0.06 or 0.12% cholesterol by 
weight, respectively, in the diet until a new steady-state is achieved. 
Points d, e, and f represent the results obtained after feeding diets con- 
taining, respectively, 5, 10, and 20% saturated triacylglycerol in addition 
to a constant level of 0.12% cholesterol. These results are derived from 
experimental data presented in references 77, 78, and 81. 

velocity is achieved at a plasma LDL-C concentration of 
-20 mg/dl. If these hepatocytes were studied under in 
vitro conditions where C1 was kept constant at 20 mg/dl 
and J" was progressively suppressed, then the uptake of 
LDL-C would progressively decrease in direct proportion 
to the reduction in receptor activity, i.e., under these in 
vitro conditions where C1 is constant the rate of LDL-C 
transport across the liver would be determined directly by 

This is never the case, however, in the live animal or hu- 
mans. Under such in vivo conditions the rate at which 
LDL-C is being formed remains constant, or actually in- 
creases, as receptor activity in the liver is suppressed by 
dietary lipids (Figs. 10, 11). Thus, as hepatic receptor ac- 
tivity is suppressed, the plasma LDL-C concentration 
necessarily increases until a velocity of transport equal to 
or greater than that seen in the control animals is 
achieved. Point d (Fig. 12), for example, illustrates the ex- 
perimental result when cholesterol and a small amount of 
saturated lipid is fed until a new steady state is achieved. 
As is evident, even though J" is decreased to -45% of 
control, the velocity of LDL-C uptake actually increased 
slightly to - 200 ,ug/h. This occurred because C progres- 
sively increased until a velocity of LDL-C transport equal 

J". 

to the rate of LDL-C production was achieved in the new 
steady-state, even though only -45% of the LDL recep- 
tors were present in the liver. In the control situation (a) 
this velocity was achieved at a value of C1 equal to only 
about 20% of K, whereas it was necessary for C1 to in- 
crease to a value essentially equaling the K, (Table 2) of 
the receptor-dependent transport process when J" was 
partially suppressed. As is apparent from the other data 
points in Fig. 12, these same adaptations take place at all 
other levels of lipid feeding and suppression of J": in all 
cases C ,  will increase to maintain the flux of LDL-C 
across the liver at a nearly constant value. Thus, in con- 
trast to the in vitro situation where C1 is usually kept 
constant, under in vivo conditions the rate of LDL-C 
transport across the liver is determined directly by the 
LDL-C production rate, Jt, and not by hepatic receptor 
activity, J". 

These observations have very important implications 
with respect to the relationship between the plasma 
cholesterol level and sterol balance across various tissues. 
As J" in the liver is progressively suppressed by feeding 
greater and greater amounts of cholesterol and saturated 
lipids, the plasma LDL-C concentration increases dra- 
matically while LDL-C flux across the liver (Fig. 12) and 
the extrahepatic tissues that also possess receptor- 
dependent transport (Fig. 6) remains nearly constant 
(77). Viewed differently, if such an animal or human is 
treated with a pharmaceutical or dietary manipulation 
that lowers the plasma LDL-C level, for example, from 
200 to 50 mg/dl, there is essentially no change in net 
LDL-C transport across the various organs of the body 
(Fig. 12). Thus, changing the dietary intake of cholesterol, 
fatty acid, or soluble fiber markedly alters the plasma 
LDL-C concentration but, for practical purposes, does 
not change cholesterol homeostasis across any tissue. 
Only the endothelial lining of the vascular system, there- 
fore, is subject to the detrimental effects of high plasma 
cholesterol levels and only the physiology of these cells is 
influenced when the plasma LDL-C level is dramatically 
lowered (106, 107). 

V. SUMMARY O F  THE NORMAL MECHANISMS 

IN T H E  PRESENCE O F  DIETARY LIPIDS 
O F  CHOLESTEROL AND LDL-C HOMEOSTASIS 

Based on the various studies carried out in a number 
of different species and reviewed here, the role of the liver 
in the maintenance of cholesterol and LDL-C homeosta- 
sis is now fairly well understood. In the absence of dietary 
lipids the extrahepatic organs synthesize most of the 
cholesterol that they require for daily membrane turnover 
(Fig. 4), and the liver synthesizes only enough sterol to 
balance the amount being synthesized in the extrahepatic 
organs with the amount being secreted into the gastroin- 
testinal tract as biliary cholesterol and bile acids (Fig. 1). 

1654 Journal of Lipid Research Volume 34, 1993 



Under these conditions the size of the regulatory and ester 
pools of sterol in the hepatocyte is small, and LDL recep- 
tor activity in the liver is high. Thus, the liver rapidly 
clears both the remnants of VLDL-C, so that the produc- 
tion of LDL-C is low, and LDL-C itself. As J" is high 
and Jt is low in this situation, the plasma LDL-C con- 
centration in the steady state is very low and, in most spe- 
cies, is well below 50 mg/dl (Table 1). 

When cholesterol is added to the diet the regulatory 
and ester pools of sterol in the liver are expanded in 
parallel and receptor activity is suppressed. If, in addi- 
tion, triacylglycerol containing fatty acids such as 
myristate and palmitate are fed, cholesterol in the liver is 
shifted from the ester pool into the putative regulatory 
pool, and receptor activity is further suppressed (Fig. 10). 
While such dietary additions apparently do not affect the 
rate of apoB formation and secretion as VLDL (108-110), 
less of the metabolized VLDL-C is removed by the liver 
through receptor-dependent transport and, therefore, the 
LDL-C production rate increases (Fig. 10). As a result of 
these changes in J" and Jt dictated by the diet-induced 
metabolic alterations in the liver, the plasma LDL-C con- 
centration must increase in order to maintain LDL-C 
clearance from the plasma at the normal, or even an 
elevated, level (Fig. 12). This exposes the endothelial lin- 
ing of the arterial system to the potential detrimental 
effects of a high LDL-C level but has little effect on 
cholesterol balance across the extrahepatic tissues or liver 
(Fig. 12). If triacylglycerol containing fatty acids such as 
oleic acid are substituted for the saturated lipids, cellular 
cholesterol in the liver is shifted from the putative regula- 
tory to the ester pool, J" is partially restored, and the 
plasma LDL-C level is reduced (Fig. 11). Thus, in all of 
these situations the plasma LDL-C concentration 
achieved in the steady state is the passive consequence of 
changes in J" and Jt induced as the liver becomes rela- 
tively enriched with cholesterol and the various fatty acids. 

Although not discussed in this review, these changes in 
LDL metabolism also produce quantitative, and predicta- 
ble, alterations in the absolute amount of cholesterol that 
must be returned to the liver from the extrahepatic organs 
through intervention of HDL (Fig. 1). In the absence of 
dietary lipids, this mass must equal the large amount of 
cholesterol synthesized in the extrahepatic tissues (Fig. 4) 
plus that derived from the - 30% of the LDL-C pool that 
is normally taken up and degraded by these organs each 
day (Fig. 7). When cholesterol and triacylglycerol are ad- 
ded to the diet, there is little change in de novo synthesis 
in these organs but a greater percentage of the LDL-C 
pool is degraded in the periphery. As a consequence, the 
total amount of cholesterol that must be returned to the 
liver is increased. It is noteworthy, therefore, that feeding 
lipid-rich diets increases the rate of production of both 
a p d - I  (111) and cholesteryl ester transfer protein (112) 
and the plasma concentration of HDL-C increases (113). 

Presumably, these physiological responses meet this need 
for greater cholesterol transport from the periphery to the 
liver and, at the same time, the increase in the concentra- 
tion of HDL may partially militate the potential toxicity 
of the elevated LDL-C levels for the vascular endothelium. 

VI. GENETIC VARIABILITY IN THESE NORMAL 
MECHANISMS O F  STEROL HOMEOSTASIS 

This review has dealt primarily with the various physio- 
logical processes that normally maintain cholesterol 
balance and regulate LDL-C metabolism in virtually all 
species, insofar as data are available. Clearly, however, 
genetic variation in the dozens of proteins that catalyze 
these various reactions can alter the magnitude of each of 
these physiological responses. A number of examples ex- 
ist, for example, where specific mutations markedly alter 
J" (73), Jt (114), and K, (75). However, in the majority 
of individuals a far more subtle polymorphism exists that 
is manifest as a variable response of the LDL-C concen- 
tration to a uniform challenge by dietary lipid administra- 
tion. Thus, in virtually every species there are always in- 
dividuals that respond to dietary cholesterol challenge 
with an exaggerated elevation of the plasma cholesterol 
level while others have little response (115-118). Further- 
more, in humans, those individuals who are hyperrespon- 
sive to cholesterol are also probably hyperresponsive to 
saturated fatty acids (119). The experimental means are 
now available for isolating and identifying which specific 
transport protein or enzyme is responsible for these poly- 
morphic responses so that considerable progress in this 
area is to be anticipated in the next few years. NE 

Many of the published and unpublished studies quoted in this 
review were supported by US. Public Health Service Research 
Grant HL 09610 and by grants from the Moss Heart Fund, the 
National Live Stock and Meat Board, and the Institute of Short- 
ening and Edible Oils, Inc. 
Manurcript received 5 May 1993 and in revised form 8 June 1993. 

REFERENCES 

1. Dietschy, J. M., and M. D. Siperstein. 1967. Effect of 
cholesterol feeding and fasting on sterol synthesis in seven- 
teen tissues of the rat. J.  Lipid Res. 8: 97-104. 

2. Spady, D. K., and J. M. Dietschy. 1983. Sterol synthesis in 
vivo in 18 tissues of the squirrel monkey, guinea pig, rabbit, 
hamster, and rat. J.  Lipid Res. 24: 303-315. 

3. Spady, D. K., L. A. Woollett, and J. M. Dietschy. 1993. 
Regulation of plasma LDL-cholesterol levels by dietary 
cholesterol and fatty acids. Annu. Rev. Nutr. 13:. 355-381. 

4. Turley, S. D., and J. M. Dietschy. 1988. The metabolism 
and excretion of cholesterol by the liver. In The Liver: Biol- 
ogy and Pathobiology. 2nd ed. I. M. Arias, W. B. Jakoby, 
H. Popper, D. Schachter, and D. A. Shafritz, editors. 
Raven, Press, Ltd., New York, NY. 617-641. 

5. Bjorkhem, I. 1992. Mechanism of degradation of the 

Dietschy, Erly, and Spa& Cholesterol and LDL homeostasis 1655 



steroid side chain in the formation of bile acids.J. Lipid Res. 

6. Patsch, J. R., and A. M. Gotto, Jr. 1987. Metabolism of 
high density lipoproteins. New Compr. Biochem. 14: 221-259. 

7. Tall, A., T. Swenson, C. Hesler, and E. Granot. 1987. 
Mechanisms of facilitated lipid transfer mediated by 
plasma lipid transfer proteins. New Compr. Biochem. 14: 
277-297. 

8. Havel, R. J. 1986. Functional activities of hepatic 
lipoprotein receptors. Annu. Rev. Physiol. 48: 119-134. 

9. Yamada, N., D. M. Shames, J. B. Stoudemire, and R. J. 
Havel. 1986. Metabolism of lipoproteins containing apolipo- 
protein B-100 in blood plasma of rabbits: heterogeneity 
related to the presence of apolipoprotein E. Pmc. Natl. Acad. 
Sci. USA. 83: 3479-3483. 

10. Kita, T., M. S. Brown, D. W. Bilheimer, and J. L. Gold- 
stein. 1982. Delayed clearance of very low density and inter- 
mediate density lipoproteins with enhanced conversion to 
low density lipoprotein in WHHL rabbits. Pmc. Natl. Acad. 
Sci. USA. 79: 5693-5697. 

11. Grundy, S. M., and E. H. Ahrens, Jr. 1969. Measurements 
of cholesterol turnover, synthesis, and absorption in man, 
carried out by isotope kinetic and sterol balance methods. 
J Lipid Res. 10: 91-107. 

12. Turley, S. D., J. M. Andersen, and J. M. Dietschy. 1981. 
Rates of sterol synthesis and uptake in the major organs of 
the rat in vivo. J.  Lipid Res. 22: 551-569. 

13. Dietschy, J. M., and D. K. Spady. 1984. Measurement of 
rates of cholesterol synthesis using tritiated water. J.  Lipid 

14. Grundy, S. M., E. H. Ahrens, Jr., and J. Davignon. 1969. 
The interaction of cholesterol absorption and cholesterol 
synthesis in man. J.  Lipid Res. 10: 304-315. 

15. Connor, W. E., D. T. Witiak, D. B. Stone, and M. L. Arm- 
strong. 1969. Cholesterol balance and fecal neutral steroid 
and bile acid excretion in normal men fed dietary fats of 
different fatty acid composition. J. Clin. Invest. 48: 

16. Lofland, H. B., Jr., T. B. Clarkson, R. W. St. Clair, and N. 
D. M. Lehner. 1972. Studies on the regulation of plasma 
cholesterol levels in squirrel monkeys of two genotypes. J. 
Lipid Res. 13: 39-47. 

17. Wilson, J. D. 1972. The relation between cholesterol ab- 
sorption and cholesterol synthesis in the baboon. J Clin. Zn- 
vest. 51: 1450-1458. 

18. Pertsemlidis, D., E. H. Kirchman, and E. H. Ahrens, Jr. 
1973. Regulation of cholesterol metabolism in the dog. I. 
Effects of complete bile diversion and of cholesterol feeding 
on absorption, synthesis, accumulation, and excretion rates 
measured during life. J Clin. Invest. 52: 2353-2367. 

19. Parks, J. S., N. D. M. Lehner, R. W. St. Clair, and H. B. 
Lofland. 1977. Whole-body cholesterol metabolism in 
cholesterol-fed African green monkeys with a variable 
hypercholesterolemic response. J. Lab. Clin. Med. 90: 

20. Turley, S. D., D. K. Spady, and J. M. Dietschy. 1983. Alter- 
ation of the degree of biliary cholesterol saturation in the 
hamster and rat by manipulation of the pools of preformed 
and newly synthesized cholesterol. Gastroenterology. 84: 

21. Dietschy, J. M., T. Kita, K. E. Suckling, J. L. Goldstein, 
and M. S. Brown. 1983. Cholesterol synthesis in vivo and 
in vitro ir, the WHHL rabbit, an animal with defective low 
density lipoprotein receptors. J. Lipid Res. 24: 469-480. 

22. Spady, D. K., S. D. Turley, and J. M. Dietschy. 1983. Dis- 
sociation of hepatic cholesterol synthesis from hepatic low- 

33: 455-471. 

Res. 25: 1469-1476. 

1363-1375. 

1021-1034. 

253-264. 

density lipoprotein uptake and biliary cholesterol satura- 
tion in female and male hamsters of different ages. Riochim. 
Biophys. Acta. 753: 381-392. 

23. Miettinen, T. A. 1971. Cholesterol production in obesity. 
Circulation. 44: 842-850. 

24. Grobe-Einsler, R. 1982. Vergleichende Untersuchung uber 
Gallensauren und Cholesterinsynthese im Kleinkindesalter 
bei gesunden und bei Kindern mit cystischer Fibrose. Dis- 
sertation zu Erlangung des Doktorgrades der Hohen 
Medizinischen Fakultat der Rheinischen Friedrich Wil- 
helms Universitat zu Bonn. 

25. Stange, E. F., and J. M. Dietschy. 1984. Age-related 
decreases in tissue sterol acquisition are mediated by 
changes in cholesterol synthesis and not low density 
lipoprotein uptake in the rat. J Lipid Res. 25: 703-713. 

26. Belknap, W. M., and J. M. Dietschy. 1988. Sterol synthesis 
and low density lipoprotein clearance in vivo in the preg- 
nant rat, placenta, and fetus. Sources for tissue cholesterol 
during fetal development. J.  Clin. Invest. 82: 2077-2085. 

27. Dietschy, J. M., and J. D. Wilson. 1968. Cholesterol synthe- 
sis in the squirrel monkey: relative rates of synthesis in vari- 
ous tissues and mechanisms of control. J.  Clin. Inuest. 47: 

28. Dietschy, J. M., and J. D. McGarry. 1974. Limitations of 
acetate as a substrate for measuring cholesterol synthesis in 
liver. J Biol. Chem. 249: 52-58. 

29. Andersen, J. M., and J. M. Dietschy. 1979. Absolute rates 
of cholesterol synthesis in extrahepatic tissues measured 
with 3H-labeled water and 14C-labeled substrates. J. Lipid 
Res. 20: 740-752. 

30. Jeske, D. J., and J, M. Dietschy. 1980. Regulation of rates 
of cholesterol synthesis in vivo in the liver and carcass of the 
rat measured using [SHIwater. J.  Lipid Res. 21: 364-376. 

31. Turley, S. D., B. P. Daggy, and J. M. Dietschy. 1991. 
Cholesterol-lowering action of psyllium mucilloid in the 
hamster: sites and possible mechanisms of action. 
Metabolism, 40: 1063-1073. 

32. Dietschy, J. M. 1968. The role of bile salts in controlling the 
rate of intestinal cholesterogenesis. J. Clin. Invest. 47: 

33. Grundy, S. M., E. H. Ahrens, Jr., and G. Salen. 1971. In- 
terruption of the enterohepatic circulation of bile acids in 
man: Comparative effects of cholestyramine and ileal exclu- 
sion on cholesterol metabolism. J Lab. Clin. Med. 78: 

34. Shames, D. M., and R. J. Havel. 1991. De novo production 
of low density lipoproteins: fact or fancy. J.  Lipid Res. 32: 

35. Spady, D. K., D. W. Bilheimer, and J. M. Dietschy. 1983. 
Rates of receptor-dependent and -independent low density 
lipoprotein uptake in the hamster. Pmc. Natl. Acad. Sci. USA. 

36. Spady, D. K., S. D. Turley, and J. M. Dietschy. 1985. 
Receptor-independent low density lipoprotein transport in 
the rat in vivo: quantitation, characterization, and meta- 
bolic consequences. J.  Clin. Znuest. 76 1113-1122. 

37. Bilheimer, D. W., S. Eisenberg, and R. I. Levy. 1972. The 
metabolism of very low density lipoprotein proteins I. 
Preliminary in vitro and in vivo observations. Biochim. Bi- 
ophy~. Acta 260: 212-221. 

38. Bilheimer, D. W., N. J. Stone, and S. M. Grundy. 1979. 
Metabolic studies in familial hypercholesterolemia. J.  Clin. 
Inuest. 64: 524-533. 

39. Turner, J. D., N-A. Le, and W. V. Brown. 1981. Effect of 
changing dietary fat saturation on low-density lipoprotein 
metabolism in man. Am. J Physiol. 241: E57-E63. 

166-174. 

286-300. 

94-121. 

1099-1112. 

80: 3499-3503. 

1656 Journal of Lipid Research Volume 34, 1993 



40. McCall, M. R., T. Mehta, C. W. Leathers, and D. M. 
Foster. 1992. Psyllium husk 11: effect on the metabolism of 
apolipoprotein B in African green monkeys. Am. J. Clin. 

41. Hedrick, C. C. 1992. Investigations into the nutritional 
regulation of LDL receptor function by dietary cholesterol 
and dietary fats in nonhuman primates. Dissertation for 
Doctor of Philosophy, Department of Biochemistry. Sub- 
mitted to Wake Forest University, Winston-Salem, North 
Carolina. 

42. Goldberg, I. J., N-A. Le, H. N. Ginsberg, J. R. Patemiti, 
Jr., and W. V. Brown. 1983. Metabolism of apoprotein B in 
cynomolgus monkey: evidence for independent production 
of low-density lipoprotein apoprotein B. Am. J.  Physiol. 244: 

43. Kushwaha, R. S., G. M. Bamwell, K. D. Carey, and H. C. 
McGill, J .  1986. Metabolism of apoprotein B in selectively 
bred baboons with low and high levels of low density 
lipoproteins. J.  Lipid Res. 27: 497-507. 

44. Kovanen, P. T., D. W. Bilheimer, J. L. Goldstein, J. J. 
Jaramillo, and M. S. Brown. 1981. Regulatory role for 
hepatic low density lipoprotein receptors in vivo in the dog. 
Pmc. Natl. Acad. Sci. USA. 78 1194-1198. 

45. Spady, D. K., M. Huettinger, D. W. Bilheimer, and J. M. 
Dietschy. 1987. Role of receptor-independent low density 
lipoprotein transport in the maintenance of tissue 
cholesterol balance in the normal and WHHL rabbit. J.  
Lipid Res. 28: 32-41. 

46. Steinbrecher, U. P., J. L. Witztum, Y. A. Kesaniemi, and 
R. L. Elam. 1983. Comparison of glucosylated low density 
lipoprotein with methylated or cyclohexanedione-treated 
low density lipoprotein in the measurement of receptor- 
independent low density lipoprotein catabolism. J.  Clin. In- 
vest. 71: 960-964. 

47. Spady, D. K., J. B. Meddings, and J. M. Dietschy. 1986. 
Kinetic constants for receptor-dependent and receptor- 
independent low density lipoprotein transport in the tissues 
of the rat and hamster. J.  Clin. Invest. 77: 1474-1481. 

48. Yamamoto, T., C. G. Davis, M. S. Brown, W. J. Schneider, 
M. L. Casey, J. L. Goldstein, and D. W. Russell. 1984. The 
human LDL receptor: a cysteine-rich protein with multiple 
Alu sequences in its mRNA. Cell. 39: 27-38. 

49. Brown, M. S., and J. L. Goldstein. 1986. A receptor- 
mediated pathway for cholesterol homeostasis. Science. 232: 
34-47. 

50. Weisgraber, K. H., T. L. Innerarity, and R. W. Mahley. 
1978. Role of the lysine residues of plasma lipoproteins in 
high affinity binding to cell surface receptors on human 
fibroblasts. J.  Biol. Chem. 253: 9053-9062. 

51. Mahley, R. W., K. H. Weisgraber, G. W. Melchior, T. L. 
Innerarity, and K. S. Holcombe. 1980. Inhibition of 
receptor-mediated clearance of lysine and arginine- 
modified lipoproteins from the plasma of rats and monkeys. 
Pmc. Natl. Acad. Sci. USA. 77: 225-229. 

52. Kesiiniemi, Y. A,, J. L. Witztum, and U. P. Steinbrecher. 
1983. Receptor-mediated catabolism of low density 
lipoprotein in man. J. Clin. Invest. 71: 950-959. 

53. Bilheimer, D. W., J. L. Goldstein, S. M. Grundy, T. E. 
Starzl, and M. S. Brown. 1984. Liver transplantation to 
provide low-density-lipoprotein receptors and lower plasma 
cholesterol in a child with homozygous familial hyper- 
cholesterolemia. N. Engl. J.  Med. 311: 1658-1664. 

54. Pittman, R. C., S. R. Green, A. D. Attie, and D. Steinberg. 
1979. Radiolabeled sucrose covalently linked to protein. A 
device for quantifying degradation of plasma proteins 
catabolized by lysosomal mechanisms. J.  Biol. Chem. 254: 

Nutr 56: 385-393. 

E196-E201. 

6876-6879. 
55. Glass, C. K., R. C. Pittman, G. A. Keller, and D. Stein- 

berg. 1983. Tissue sites of degradation of apoprotein A-I in 
the rat. J. Biol. Chem. 2 5 8  7161-7167. 

56. Spady, D. K., and J. M. Dietschy. 1985. Rates of cholesterol 
synthesis and low-density lipoprotein uptake in the adrenal 
glands of the rat, hamster and rabbit in vivo. Biochim. Bi- 

57. Rudling, M. J., E. Reihner, K. Einarsson, S. Ewerth, and 
B. Angelin. 1990. Low density lipoprotein receptor-binding 
activity in human tissues: quantitative importance of 
hepatic receptors and evidence for regulation of their ex- 
pression in vivo. Pmc. Natl. h a d .  Sci. USA. 87: 3469-3473. 

58. Andersen, J. M., and J. M. Dietschy. 1976. Cholesterogene- 
sis: derepression in extrahepatic tissues with 4-amino- 
pyrazolo[3,4-d]pyrimidine. Science. 193: 903-905. 

59. Bertolotti, M., D. K. Spady, and J. M. Dietschy. 1990. 17a- 
Ethinylestradiol increases receptor-dependent low density 
lipoprotein uptake in rat liver. In Liver and Hormones. 
Serono Symposia. A. Francavilla, C. Panella, A. DiLeo, 
and D. H. Van Thiel, editors. Raven Press, New York, NY. 

60. Myant, N. B., D. Reichl, and J. K. Lloyd. 1978. Sterol 
balance in a patient with abetalipoproteinaemia. Athsc le-  

61. Steinberg, D., S. M. Grundy, H. Y. I. Mok, J. D. Turner, 
D. B. Weinstein, W. V. Brown, and J. J. Albers. 1979. 
Metabolic studies in an unusual case of asymptomatic 
familial hypobetalipoproteinemia with hypoalphalipopro- 
teinemia and fasting chylomicronemia. J. Clin. Invest. 64: 

62. Illingworth, D. R., T. A. Kenny, and E. S. Orwoll. 1982. 
Adrenal function in heterozygous and homozygous hypobeta- 
lipoproteinemia. J. Clin. Endocrinol. Metab. 54: 27-33. 

63. Illingworth, D. R., T. A. Kenny, W. E. Connor, and E. S. 
Orwoll. 1982. Corticosteroid production in abetalipopro- 
teinemia: evidence for an impaired response to ACTH. J.  
Lab. Clin. Med. 100: 115-126. 

64. Illingworth, D. R., N. A. Nargis, and S. Lindsey. 1984. 
Adrenocortical response to adrenocorticotropin in heter- 
ozygous familial hypercholesterolemia. J. Clin. Endocrinol. 
Metab. 58: 206-211. 

65. Illingworth, D. R., A. M. Lees, and R. S. Lees. 1983. 
Adrenal cortical function in homozygous familial hyper- 
cholesterolemia. Metabolism. 30: 1045-1052. 

66. Cruz, M. L., F. Mimouni, W. Wong, D. L. Hachey, P. 
Klein, and R. C. Tsang. 1992. Effects of infant nutrition on 
cholesterol synthesis rates in infancy. Clin. Rcs. 39: 689A. 

67. Sherrill, B. C., and J. M. Dietschy. 1978. Characterization 
of the sinusoidal transport process responsible for uptake of 
chylomicrons by the liver. J.  Biol. Chem. 253: 1859-1867. 

68. Kovanen, P. T., M. S. Brown, and J. L. Goldstein. 1979. In- 
creased binding of low density lipoprotein to liver mem- 
branes from rats treated with 17a-ethinyl estradiol. J.  Biol. 
Chem. 254: 11367-11373. 

69. Chao, Y-S., E. E. Windler, G. C. Chen, and R. J. Havel. 
1979. Hepatic catabolism of rat and human lipoproteins in 
rats treated with l7a-ethinyl estradiol. J.  Biol. Chem. 254: 

70. Meddings, J. B., and J. M. Dietschy. 1987. Regulation of 
plasma low density lipoprotein levels: new strategies for 
drug design. Pmg. Clin. Biochem. Med. 5: 3-23. 

71. Meddings, J. B., and J. M. Dietschy. 1986. Low density 
lipoproteins and atherogenesis: implications for modifica- 
tion through alterations in diet and new drug designs. Con- 
trib. Chem. Health. 2: 269-282. 

ophys. ~ c k i .  836: 167-175. 

43: 214-218. 

m~iS. 29: 509-512. 

292-301. 

11360-11366. 

Dietschy, Turlq, and Spa4 Cholesterol and LDL homeostasis 1657 



72. Meddings, J. B., and J. M. Dietschy. 1986. Regulation of' 
plasma levels of low-density lipoprotein cholesterol: in- 
terpretation of data on low-density lipoprotein turnover in 
man. Circulation. 74: 805-814. 

73. Hobbs, H. H., M. S. Brown, and J. L. Goldstein. 1992. 
Molecular genetics of the LDL receptor gene in familial 
hypercholesterolemia. Hum. Mutat. 1: 445-466. 

74. Vega, G. L., and S. M. Grundy. 1986. In vivo evidence for 
reduced binding of low density lipoproteins to receptors as 
a cause of primary moderate hypercholesterolemia. J Clin. 
Invest. 78: 1410-1414. 

75. Soria, L. F., E. H. Ludwig, H. R. G. Clarke, G. L. Vega, 
S. M. Grundy, and B. J. McCarthy. 1989. Association be- 
tween a specific apolipoprotein B mutation and familial 
defective apolipoprotein B-100. Pmc. Natl. Acad. Sci. USA. 

76. Innerarity, T. L., K. H. Weisgraber, K. S. Arnold, R. W. 
Mahley, R. M. Krauss, G. L. Vega, and S. M. Grundy. 
1987. Familial defective apolipoprotein B-100: low density 
lipoproteins with abnormal receptor binding. Pmc. Natl. 
Acad. Sci. USA. 84: 6919-6923. 

77. Woollett, L. A., D. K. Spady, and J. M. Dietschy. 1989. 
Mechanisms by which saturated triacylglycerols elevate the 
plasma low density lipoprotein-cholesterol concentration in 
hamsters. Differential effects of fatty acid chain length. J.  
Clin. Invest. 84: 119-128. 

78. Woollett, L. A,, D. K. Spady, and J. M. Dietschy. 1992. 
Saturated and unsaturated fatty acids independently regu- 
late low density lipoprotein receptor activity and produc- 
tion rate. J.  Lipid Res. 33: 77-88. 

79. Connor, W. E., M. T. Cerqueira, R. W. Connor, R. B. 
Wallace, R. Malinow, and H. R. Casdorph. 1978. The 
plasma lipids, lipoproteins, and diet of the Tarahumara In- 
dians of Mexico. Am. J.  Clin. Nutr. 31: 1131-1142. 

80. Anonymous. 1968. The National Diet-Heart Study Report. 
Circulation. 37: 11-274. 

81. Spady, D. K., and J. M. Dietschy. 1988. Interaction of 
dietary cholesterol and triacylglycerides in the regulation of 
hepatic low density lipoprotein transport in the hamster. J.  
Clin. Inuest. 81: 300-309. 

82. Stange, E. F., and J. M. Dietschy. 1985. The origin of 
cholesterol in the mesenteric lymph of the rat. J Lipid Res. 

83. Stange, E. E, and J. M. Dietschy. 1985. Cholesterol absorp- 
tion and metabolism by the intestinal epithelium. In Sterols 
and Bile Acids. H. Danielsson and J. Sjovall, editors. El- 
sevier Science Publishers B. V., New York, NY. 121-149. 

84. Goodman, D. S., D. Deykin, and T. Shiratori. 1964. The 
formation of cholesterol esters with rat liver enzymes. J 
Biol. Chem. 239: 1335-1345. 

85. Suckling, K. E., and E. F. Stange. 1985. Role of acyl- 
CoA:cholesterol acyltransferase in cellular cholesterol 
metabolism. J.  Lipid Res. 26: 647-671. 

86. Suckling, K. E., E. E Stange, and J. M. Dietschy. 1983. 
Dual modulation of hepatic and intestinal acyl 
CoA:cholesterol acyltransferase activity by (de-) phos- 
phorylation and substrate supply in vitro. FEBS Lett. 151: 

87. Daumerie, C. M., L. A. Woollett, and J. M. Dietschy. 1992. 
Fatty acids regulate hepatic low density lipoprotein receptor 
activity through redistribution of intracellular cholesterol 
pools. Pmc. Natl. Acad. Sci. USA. 89: 10797-10801. 

88. Turley, S. D., M. W. Herndon, and J. M. Dietschy. 1994. 
Reevaluation and application of the dual-isotope plasma ra- 
tio method for the measurement of intestinal cholesterol ab- 
sorption in the hamster. J.  Lipid Res. In press. 

86: 587-591. 

26: 175-184. 

111-116. 

89. Grundy, S. M., E. Barrett-Connor, L. L. Rudel, T. Mietti- 
nen, and A. A. Spector. 1988. Workshop on the impact of 
dietary cholesterol on plasma lipoproteins and atherogene- 
sis. Arteriosclerosis. 8: 95-101. 

90. Carey, M. C., and 0. Hernell. 1992. Digestion and absorp- 
tion of fat. Semin. Gustso. Dis. 3: 189-208. 

91. Woollett, L. A., D. K. Spady, and J. M. Dietschy. 1992. 
Regulatory effects of the saturated fatty acids 6:O through 
18:O on hepatic low density lipoprotein receptor activity in 
the hamster. J.  Clin. Invest. 89: 1133-1141. 

92. Lands, W. E. M. 1965. Effects ofdouble bond configuration 
on lecithin synthesis. J.  Am. Oil Chem. Soc. 42: 465-467. 

93. Lands, W. E. M. 1988. Discriminations among unsaturated 
fatty acids. In Prog. Clin. Biol. Res. 282: 11-28. 

94. Waku, K. 1992. Origins and fates of fatty acyl-CoA esters. 
Biochim. Biophys. Acta. 1124: 101-111. 

95. Spady, D. K., and J. M. Dietschy. 1985. Dietary saturated 
triacylglycerols suppress hepatic low density lipoprotein 
receptor activity in the hamster. Pmc. Natl. Acad. Sci. USA. 

96. Hegsted, D. M., R. B. McGandy, M. L. Myers, and F. J. 
Stare. 1965. Quantitative effects of dietary fat on serum 
cholesterol in man. Am. J.  Clin. Nutr. 17: 281-295. 

97. Mattson, F. H., and S. M. Grundy. 1985. Comparison of 
effects of dietary saturated, monounsaturated, and polyun- 
saturated fatty acids on plasma lipids and lipoproteins in 
man. J.  Lipid Res. 26: 194-202. 

98. McMurry, M. P., M. T. Cerqueira, S. L. Connor, and W. 
E. Connor. 1991. Changes in lipid and lipoprotein levels 
and body weight in Tarahumara Indians after consumption 
of an affluent diet. N .  Engl. J.  Med. 325: 1704-1708. 

99. Fernandez, M. L., E. C. K. Lin, and D. J. McNamara. 
1992. Differential effects of saturated fatty acids on low den- 
sity lipoprotein metabolism in the guinea pig. J.  Lipid Res. 

100. Carr, T. P., J. S. Parks, and L. L. Rudel. 1992. Hepatic 
ACAT activity in African green monkeys is highly cor- 
related to plasma LDL cholesteryl ester enrichment and 
coronary artery atherosclerosis. Arterioscler. Thromb. 12: 

101. Hennessy, L. K., J. Osada, J. M. Ordovas, R. J. Nicolosi, 
A. F. Stucchi, M. E. Brousseau, and E. J. Schaefer. 1992. 
Effects of dietary fats and cholesterol on liver lipid content 
and hepatic apolipoprotein A-I, B, and E and LDL receptor 
mRNA levels in cebus monkeys. J.  Lipid Res. 33: 351-360. 

102. Mensink, R. P., and M. B. Katan. 1992. Effect of dietary 
fatty acids on serum lipids and lipoproteins. Arterioscler 
Thmmb. 12: 911-919. 

103. Bonanome, A., and S. M. Grundy. 1988. Effect of dietary 
stearic acid on plasma cholesterol and lipoprotein levels. N. 
Engl. J.  Med. 318: 1244-1248. 

104. Zock, P. L., and M. B. Katan. 1992. Hydrogenation alter- 
natives: effects of trans fatty acids and stearic acid versus 
linoleic acid on serum lipids and lipoproteins in humans. J.  
Lipid Res. 33: 399-410. 

105. Salter, A. M., N. Ekins, M. Al-Seeni, D. N. Brinkley, and 
B. Middleton. 1989. Cholesterol esterification plays a major 
role in determining low-density-lipoprotein receptor ac- 
tivity in primary monolayer cultures of rat hepatocytes. Bi-  
ochem. J.  263: 255-260. 

106. Newman, W. P., 111, D. S. Freedman, A. W. Voors, P. D. 
Gard, S. R. Srinivasan, J. L. Cresanta, G. D. Williamson, 
L. S. Webber, and G. S. Berenson. 1986. Relation of serum 
lipoprotein levels and systolic blood pressure to early 
atherosclerosis. N: Engl. J.  Med. 314: 138-144. 

107. Brown, G., J. J. Albers, L. D. Fisher, S. M. Schaefer, J-T. 

82: 4526-4530. 

33: 1833-1842. 

12 7 4-1283. 

1658 Journal of Lipid Research Volume 34, 1993 



Lin, C. Kaplan, X-Q Zhao, B. D. Bisson, V. F. Fitzpatrick, 
and H. T. Dodge. 1990. Regression of coronary artery dis- 
ease as a result of intensive lipid-lowering therapy in men 
with high levels of apolipoprotein B. N. Engl. J. Med. 323: 

108. Homick, C. A., T. Kita, R. L. Hamilton, J. P. Kane, and 
R. J. Havel. 1983. Secretion of lipoproteins from the liver 
of normal and Watanabe heritable hyperlipidemic rabbits. 
Aoc. Natl. h a d .  Sci. USA. 8 0  6096-6100. 

109. Sorci-Thomas, M., M. D. Wilson, E L. Johnson, D. L. 
Williams, and L. L. Rude]. 1989. Studies on the expression 
of genes encoding apolipoproteins B-100 and B-48 and the 
low density lipoprotein receptor in nonhuman primates. J. 
Biol. C h .  264: 9030-9045. 

110. Dixon, J. L., and H. N. Ginsberg. 1993. Regulation of 
hepatic secretion of apolipoprotein B-containing 
lipoproteins: information obtained from cultured cells. J.  
Lipid Res. 34: 167-179. 

111. Hayek, T., Y. Ito, N. Azrolan, R. B. Verdery, K. Aalto- 
Setdill, A. Walsh, and J. L. Breslow. 1993. Dietary fat in- 
creases high density lipoprotein (HDL) levels both by in- 
creasing the transport rates and decreasing the fractional 
catabolic rates of HDL cholesteryl ester and apolipoprotein 
(apo)A-I. J Clin. Znvesf. 91: 1665-1671. 

112. Jiang, X. C., L. B. Agellon, A. Walsh, J. L. Breslow, and 
A. Tall. 1992. Dietary cholesterol increases transcription of 
the human cholesteryl ester transfer protein gene in trans- 
genic mice. Dependence on natural flanking sequences. J.  
Clin. Invest. 90: 1290-1295. 

1289-1298. 

113. Martin, L. J., P. W. Connelly, D. Nancoo, N. Wood, Z. J. 
Zhang, G. Maguire, E. Quinet, A. R. Tall, Y. L. Marcel, 
and R. McPherson. 1993. Cholesteryl ester transfer protein 
and high density lipoprotein responses to cholesterol feed- 
ing in men: relationship to apolipoprotein E genotype. J.  
Lipid Res. 34: 437-446. 

114. Linton, M., R. V. Farese, Jr., and S. G. Young. 1993. 
Familial hypobetalipoproteinemia. J. Lipid Res. 34: 

115. Katan, M., and A. C. Beynen. 1987. Characteristics of hu- 
man hypo- and hyperresponders to dietary cholesterol. A n .  
J.  Epidemiol. 125: 387-399. 

116. Beynen, A. C., M. B. Katan, and L. F. M. VanZutphen. 
1987. Hypo- and hyperresponders: individual differences in 
the response of serum cholesterol concentration to changes 
in diet. Adv. Lipid Res. 22: 115-171. 

117. Beynen, A. C., G. W. Meijer, A. G. Lemmens, J. F. C. 
Glatz, A. Versluis, M. B. Katan, and L. E M. VanZutphen. 
1989. Sterol balance and cholesterol absorption in inbred 
strains of rabbits hypo- or hyperresponsive to dietary 
cholesterol. Atherosclerosis. 77: 151-157. 

118. Gylling, H., and T. A. Miettinen. 1992. Cholesterol ab- 
sorption and synthesis related to low density lipoprotein 
metabolism during varying cholesterol intake in men with 
different apoE phenotypes. J Lipid Res. 33: 1361-1371. 

119. Katan, M. B., M. A. M. Berns, J. F. C. Glatz, J. T. Knui- 
man, A. Nobels, and J. H. M. deVries. 1988. Congruence 
of individual responsiveness to dietary cholesterol and to 
saturated fat in humans. J. Lipid Res. 29: 883-892. 

521-541. 

Dietschy, Edy, and S p a 4  Cholesterol and LDL homeostasis 1659 


